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1. PROGRAM ANNOUNCEMENT, CALLS FOR PROPOSALS, AND 
PROGRAM RULES ARE ALL CONTAINED IN RESEARCH 
ANNOUNCEMENT RA 94-30 WHICH WAS PUBLISHED IN THE 
COMMERCE BUSINESS DAILY (CBD) (3 PAGES) 



Transmission via Cbu E~~ess V. 5.1/S 
Defense Advanced Research Projects Agency 

1. Pll 
3. 04121 J 
3. 9411 
4. 97AE11 
5. 22203-171411 
6. All 
1. Advanced Research Projects Agency (ARPA), Contracts 
Management Office (CMO), 3701 North Fairfax Drive, Arlington, VA 
32203-171411 
8. A -- ADVANCED MATERIAlS PARTNERSHIPS 11 
9. RA94-30 11 
10. 07259411 
11. Dr. Ben A. Wilcox, Tech POC, ARPA/DSO, FAX: (703)696-2201.11 
12. N/All 
13. N/A11 
14. N/All 
15. N/A11 
16. N/A11 
17. The manufacturing of advanced materials and subsequent 
components and devices is a crucial enabling factor for developing 
virtually all military systems. Research results are often 
transitioned into commercial applications. Advanced materials 
manufacturing technologies are prominent in many recently released 
reports, including the report of the National Critical Technologies 
Panel, The Defense Critical Technologies Plan, The Commerce 
Department Emerging Technologies Report, and the Aerospace 
Industries Association. The Defense Sciences Office of the Advanced 
Research Projects Agency (ARPA/DSO) plans to initiate at least five 
advanced materials manufacturing "partnerships" with the private 
sector, institutions of higher education and state and local 
governments. See 10 u.s.C.2358 and 2371. Approximately thirty 
•illion dollars ($30 million) of FY94 funds are available for this 
activity. Research areas of interest include: (a) affordable polymer 
matrix composite structures, (b lar e area wide and- a II -

d e itaxial materials for et restructures us 
o toelectro s (c) magnet c materials and devices exhibitinq giant 
-gne oresistance, and (d) metallic alloys, ceramics and their 
co.posites and components produced by innovative forming processes. 
Tbe partnerships are intended to demonstrate management mechanisms 
and concepts which will facilitate the widespread development and 
application of affordable advanced materials, components, devices 
and the manufacturing processes used to produce them. Projects which 
are aimed at increasinq the performance and reducing the cost of 
materials are of interest, but the primary focus is reducing the 
cost of components and devices manufactured from advanced materials. 
These partnerships are also aimed at demonstrating the effectiveness 
of collaboration between u.s. industry, u.s. universities and 
colleges, state and local governments and federal laboratories. For 
the establishment of these partnerships, ARPA is seeking innovative 
and creative technical approaches and management ideas and concepts 
which involve the active participation of large and small u.s. 
industrial firms, u.s. academic institutions of higher education, 
federal laboratories, and state and local governments. It is 
anticipated that, in most situations, a u.s. industrial firm will 
serve as the lead organization. All efforts must be cost shared. 
Federal government funding will not exceed 50 percent of the total 



required resource• ex .>t as noted below for .nal\ business 
participants. Non-rederal contributions can include the fair market 
value for the program utilization of equipment, services, materials, 
technology transfer activities, and other assets. However, cash 
contributions are preferred. A small business participant in an 
Advanced Materials Partnership may count as non-federal cost share 
any funds received under a Small Business Innovation Research (SBIR) 
or Small Business Technology Transfer (STTR) contract, whether 
awarded by ARPA or any other agency. In order to qualify, a funded 
SBIR or STTR effort must be clearly identified in the proposal as 
integral to the proposal effort or is clearly related to the work 
baing performed under the ARPA agreement and capable of being 
integrated into that effort. For successful proposals, funds which 
are expended after the proposal due date may be counted as cost 
sharing even before the commencement of work under the partnership 
agreement. Funds expended prior to the proposal due data will not be 
considered as a direct cost share. However, where expended SBIR/STTR 
funds have resulted in a product which will defray the cost of a 
project, that product may be counted as "in-kind" cost share. A 
aerit-based process will be used to select partnerships to 
participate in this program. Evaluation criteria, listed in order of 
decreasing value, to be used in that process include: (1) technical 
excellence and innovativeness of proposed ideas and approach, and 
the impact on cost-effective manufacturing of materials, components, 
and devices, (2) extent to which the program advances and enhances 
the national security interests of the United States, and the 
potential effectiveness of the partnership to further develop 
widespread application (dual-use) of the products to be developed 
(pervasive impact), (3)commitment of the partnership to productize 
the results of the proposed effort, (4)qualifications of the 
personnel proposed to participate and adequacy of facilities, and 
(5)financial commitments of the eligible institutions to the 
proposed partnership. It is anticipated that projects of up to two 
years in duration will be supported. Longer term options may be 
proposed. Goals of the partnership must include demonstration of a 
coaponent or device of military interest. A substantial effort of 
each partnership will be devoted to modeling and simulation of 
aaterials manufacturing. Each effort should emphasize "intelligent 
aanufacturing• of materials concepts and include a cost model and 
business plan for productization. Partnerships having the management 
and technical capabilities, facilities and experience necessary to 
conduct this program are invited to submit brief preproposals to 
describe their technical approach, management concepts, 
participants, relevant experience and estimates of the overall cost 
and tiaing of the project. This procedure is intended to minimize 
unnecessary effort in proposal preparation and review. Preproposals 
should not exceed 20 pages of text plus a one page work breakdown 
structure for the program and a proposed task schedule chart. Ten 
single sided hard copies, each 8.5 by 11 inches, should be 
submitted. They should have 1.25-inch maximum margins, and a font 
size not smaller than 12 pitch. Within approximately seven (7) 
business days of receipt, ARPA will acknowledge receipt of the 
submission and assign a control number that should be used in all 
further correspondence regarding the preproposal. ARPA intends to 
respond to preproposals within 30 days of receipt with a 
recommendation of whether or not to submit a full proposal. 
Regardless of the recommendation, the decision to propose is the 
responsibility of the proposer. All submitted proposals will be 
fully reviewed regardless of the disposition of the preproposal. All 
those who submit full proposals are required to supply eight copies 



of the proposal • .i Pl •osals must be in that 'lli tng "page" 
·format• double-spa'-'.ad, ""t greater than 8.5 by 11 inches, typed 
single-side with 1.25 inch minimum margins, with a font size not 
smaller than 12 pitch. Volume 1 of submitted proposals shall include 
an Abstract, Executive Summary, Technical Approach, Proqram Plan, 
Statement of Work, Milestone Chart, Facilities and Equipment 
Description, Relevant Prior Work, Management Plan, Cost Model, 
BUsiness Plan for Productization, and Resumes of Key Individuals. 
The page count of Volume 1 should be limited to a maximum of 50 
pages, which includes all figures, tables, and charts. Volume 2 of 
submitted proposals shall contain a complete cost breakdown. Details 
ot any cost sharing to be undertaken by the offerer should be 
included in the proposal. The merit of submitted proposals will be 
evaluated in relation to the proposed cost and availability of 
funds. The Government plana to make award decisions within 30 days 
after receipt of full proposals. It is anticipated that in most 
cases the award instrument will be an ARPA •agreement• (10 u.s.c. 
2358/2371) rather than a procurement contract or grant. These 
•agreements• will be eligible tor Independent Research and 
Development (IR&D) cost sharing. All proprietary material submitted 
should be clearly marked as such and will be held in strict confi
dence. All preproposals and proposals must reference ARPA RA #94-30. 
No additional information is available nor will a formal RFP or 
other solicitation regarding this announcement be issued. Requests 
tor same will be disregarded. The Government reserves the right to 
select for award all, some, or none of the proposals received in 
response to this announcement and to negotiate for less than the 
entire effort proposed. All responsible sources capable of 
satisfying the Government's needs may submit proposals which will be 
evaluated as received. ARPA expects the response to this 
announcement to be large. Therefore, telephone inquiries are 
strongly discouraged. All questions regarding this RA must be 
submitted in writing or via FAX: (703)696-2201)to the technical 
contact indicated. Bidders should submit preproposals to: Advanced 
Reaearch Projects Agency, Defense Sciences Office, REF: RA #94-30 
ATTN: Dr. Ben A. Wilcox, 3701 North Fairfax Drive, Arlington, VA 
22203-1714. All preproposals are due no later than 4 pm EST, 16 May 
1994. Full proposals are due no later than 4 pm EST, 25 July 1994. 
***** 



2. AGREEMENT MDA972-95-3-0008, DEVELOPMENT OF HIGH 
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• 

MODIFICATION AOOOl TO THE TECHNOLOGY DEVELOPMENT AGREEMENT 

BETWEEN 

BLUE LIGHT AND UV EMIITERS- THE BAY AREA NITRIDE DEVELOPMENT 
(BLUE BAND) CONSORTIUM 
clo SOL, INC. 
80 ROSE ORCHARD WAY 
SAN JOSE, CA 95134-1365 

AND 

mE DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 
3701 NORTH FAIRFAX DRIVE 
ARLINGTON, VA 22203-1714 
(POC: J. CAR'I'ER, DCMC SAN DIEGO, (619) 495-7462) 

CONCERNING 

DEVELOPMENT 01' HIGH BANDGAP m-V MATERIALS AND OmCAL DEVICES 

Apeement No: 
Mocllflcatloa No: 
Authority: 
Eft'ectiw Date: 

MDA972-95-3..Q008 
AOOOI 
10 u.s.c. § 2371 
Date ol Gnudl Officer Sigaature 

1. This modification hereby: 
A. Extends the Term of this Agreement from 24 to 27 months. 
B. Revises the Schedule of Payments and Payable Milestones to extend the ninth payable milestone 
period by three montbs. 

2. Paragraph A of Article II. TERM. is hereby deleted from this Agreement and replaced with the following 
paragraph: 

ARTIClE II: TERM 

A. The Term of this Agreement 

The Program commences upon the dale of the last signature hereon and continues for twenty-seven (27) 
months. If all funds are expended prior to the 27-month duration. the Parties have no obligation to continue 
performance and may elect to cease development at that point"' Provisions of this Agreement. which. by their 
express terms or by necessary implication .apply for periods of time other than specified herein. shall be 
given effect. notwithstanding this Article. 

3. Attachment 3, Schedule of Payments and Payable Milestones, is revised to delete Month 24 and insert Month 
27 as the required delivery date for the ninth payable milestone period. 



AGREEMENT MDA972-9S-3-0008 
MODIFICATION AOOOl 

PAGE20F2 

4. The lola! Agreement amount remains unchanged. All provisions. terms. and conditions sel forth in this 
Agreement are applicable and in fuJI force and effect except as specified otherwise herein. 

FOR 1HE BLUE BAND CONSORTIUM 
SOL, INC. 

John P. Melton 
Vice President, Business Operations 



AMENDMENT 0002 TO THE TECHNOLOGY DEVELOPMENT AGREEMENT 

Between 

BLUE LIGHT AND UV EMITTERS • THE BAY AREA NITRIDE 
DEVELOPMENT (BLUE BAND) CONSORTIUM 

And 

THE DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 
3701 North Fairfax Drive 
Arlington, VA 22203-1714 

CONCERNING 

·DEVELOPMENT OF IDGH BANDGAP ID-V MATERIALS AND OPTICAL 
DEVICES 

Agreement No.: MDA972-95-3-0008 
Amendment No.: 0002 
ARPA Order No.: N/A 
Total Amount of the Agreement: 
Total Estimated Government Funding of the Agreement: 

$ 8,364,000 
$ 4,136,000 
$ 4,228,000 
$ 0 
$ 4,136,000 

Total Estimated Consortium Cost Share: 
Funds Obligated by this Action: 
Total Government Funds Obligated: 
Authority: 10 U.S.C. § 2371 

This modification is for administrative purposes only. The Agreement administration is hereby 
revised to incorporate and add to Article IV and Attachment 5 the following Agreement 
Administration Office and the Agreements Administrator: 

DCMC San Diego 
DCMDW/GSTB(Ms. J. Carter) 
7675 Dagget Street, Suite 200 
San Diego, CA 92111-2241 

Phone: (619)495-7462 
FAX: (619) 495-7626 
DSC972 
Email:jcarter@sndao.dcmdw .dla.mil 

Ms. Jean R. Carter is hereby delegated the responsibility to represent the Government as an 
Agreements Administrator for the following Articles: 

ARTICLE 

ARTICLE IT 
ARTICLE ill 
ARTICLE IV 
ARTICLEV 
ARTICLE VI 
ARTICLEVTI 
ARTICLEVill 

TITLE 

Term 
Management of the Project 
Agreement Administration 
Obligation and Payment 
Disputes 
Patent Rights 
Data Rights 



Others areas delegated to Ms. Jean R. Carter are as follows: 

(a) Milestone payment approvals 
(b) Tracking of total expenditures under the Agreement 
(c) Processing of reports 

MDA972-95-3-0008 
Amendment 0002 
Page2 

(d) Participate in program reviews and/or other equivalent meetings 
(e) Monitor cost share 
(f) Property administration · 
(g) Attachments 2 through 4 

Copies of business related documents referenced in the aforementioned are to be sent to Ms. Jean 
R. Carter. 

The total Agreement amount remains unchanged. All provisions, terms, and conditions set forth in 
this Agreement are applicable and in full force and effect except as specified otherwise herein. 

FOR THE UNITED STATES OF AMERICA 
THE DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 

BY~E=;tfr 
Agreements Officer 
Contracts Management Office 

NOV I 2 1996 
(Date) 



AGREEMENT 

BETWEEN 

BLUEUGIIT AND UV EMI.Tl1:'mS ·TilE BAY AREA NITRIDE DEVELOPMENT(BLUE BAND) 
CONSORTIUM 
c/o SDL, INC. 
80 ROSE ORCHARD WAY 
SAN JOSE. CA 95134-1356 

AND 

ADVANCED RESEARCH PROJECTS AGENCY 
3701 NORTII FAIRFAX DRlVB 
ARLINGTON, VA 22203-1714 

CONCERNING 

DEVELOPMENT OF lflGH BANDGAP ID-V MA1ERIALS AND OPTICAL DEVICES 

Agreement No.: MDA972-95-3..()()()8 
Modification No.: 0001 
ARPAOrderNo.: N/A 
Effective Date: October 25, 1995 
Authority: 10 U.S.C. § 2371 

'lbla Agreement is admtnistntlvcly moc:Uficd to dlaoae the Apecmeut~ Administrator as follows: 

1. In Article IV, AGREEMENT ADMINISTRATION, the ARPA Agreements Administrator is 
revised fn:m: 

ARPA: Elaine Ely • Agreemeota Adm.iniatrator 
ARPA I CMO (700) 696-2411 

to: 

ARPA: Grant E. Mayberry - Agreements Administrator 
ARPA I CMO (703) 696-2438 

2. In Attadunent S, List of Government and Consonium Representatives. revise the second listed 
government representadve from: 

Elaine Ely. Avreement Admlnlatrator 
ARPA I CMO 
3701 N. Fairfax Drive 
Arlington, VA 22203-1714 
pbono: (703) 696-2411 
FAX: (703) 696-2208 
Email: eely@arpa.mU 

\ 



to: 

Grant E. Mayberry. Aareemegt Admlglatrator 
ARPA I CMO 
3701 N. Fairfax Drive 
Arlington, VA 22203-1714 
phone: (703)69~2438 
FAX: (703) 69~2208 
Email: gmayberry@arpa.mil 

MDA972-95-3-0008 
Modification 0001 

Page2 

All provisions, terms. and conditions set forth in this Agreement are applicable and in full force and effect 
except as specified otherwise herein. 

FOR TilE UNITED STAlES OF AMERICA 
TilE ADV ANCFD RESEARCH PROJECfS AGENCY 

By. -;;;£~~ 
Agreements Administrator 
Contracts Management Office 

1() L~r/9.5' 
(Dale) 

\ 



ORIGINAL 
AGREEMENT 

BEIWEEN 

BLUE UGHT AND UV EMITI'ERS- THE BAY AREA NITRIDE DEVFLOPMENT (BLUE BAND) 
CONSOR11UM 

AND 

THE ADV ANCFD RESEARCH PROJECTS AGENCY 
3701 NORm FAIRFAX DRIVE 
ARLINGTON, VA 22203-1714 

CONCERNING 

DEVELOPMENT OF HIGH BANDGAP m-V MATERIALS AND OPTICAL DEVICES 

Agreement No.: MDA972-95-3-0008 
ARPA Order No.: C197 
Total Amount of the Agreement: $ 8,364,000 
Total Estimated Government Funding of tbe Agreement: $4,136,000 
Funds Obligated: $4,136,000 
Authority: 10 U.S.C. 2371 
Line of Appropriation: AA 9740400 1320 C197 P4Vl0 2525 DPAC 4 5018 503733 $4,136,000.00 

This Agreement is entered into between the United States of America, hereinafter called tbe Government. represented 
by The Advanced Research Projects Agency (ARPA), and the Blue Band ConsMium (CONSORTIUM) pursuant to 
and under U.S. Federal law. 

FORTHEBLUEBANDCONSOR11UM 

John P. Melton 
Vige P~eai~eAt, Bua1aeaa Operations 

(Typed Name and Title) 

FOR 1liE UNITED STATES OF AMERICA 
ADV AN RESEARCH PROJECTS AGENCY 

RONH. 
DEPUTY CTOR FOR MANAGEMENT 

~~ 
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ARTICLE 1: SCOPE OW THE AGREEMENT 

A. Backaround and Vlsloa Statement 

AGREEMENT NUMBER: MDA972-9S-J..OOOJ 
PAGE3 

IDdusUy leada's and universities bave fOOIICd a fuJly vatically iatepared Coosonium rocoUabcntiveJy develop 
advaDced aeclmology leading 10 tile demonsttalim and volume manutldUI'iaa of laser diodes and liJbt cmittiD& diodes 
(LED) operalina ill the blue aDd pea reaioDs of the spedrUDl. The visible emitter cocJmoJoay will euabk a bread 
range of miliwy applications illdudiD& hip-density opdcalstoraac systems. Ughtwci&bt ~ eoctpit 
displays. solar-bliDd commtmication, submaai:De cc:mmunk:adon aDd c:ombat procedioa systems. Commercial 
applicalions include bigb density opcical dala saoraae systems. tUll colcr displays, and bip resolution printers. Ia 
addition. the mattrial developmeou of tbe ARPA proaram will lead ro substandal advucea ill bip-power and bigb
tempetablle elecuoaic compc:rneDU. 

Tbe Bl• Band Coosordum was Conned ill conjUl'ICtkm widl ARPA to aeate a forum dial would not otbelwise exill 
10 addlesa the teclmoJoakal issues of blue/peen emicttn ill a two year program that will reiUit in dramatic 
acc::clenldoo of die lime to IIUidcel for boCb components and systems. 1bc key 10 any proaram intended to leverage 
bolb mllilllry a oommerdal JDalbca ladle de'.lelopmeot ot teclmology iD organizatioas dial bave demoDstlated 
sUilaiDed maoufacbll'iDJ caplbilidel. The sttate&Y iD the formali<ll of tbe Blue Band Consortium il to draw from 
illduUy leaden iD botb tedmoloiY and manufaceurina, mailuaiD a common tec:lmology focua wbile bavin& verdc:ally 
iDtcpated team members c:overina issues from substrate growtb lhrougb bigb volume c:ompooeots manufactmiDa 
and system incepalion. This Consortium represenu a unique coupUna of tbe tecbnical and martel leaders iD visible 
emitler cedmOioay. thus insurina a successful demonstration and coounen:ialization of visible semiconductor 
devices. 

1be core members of the Consortium consisl of Hewlelt Pactanf (HP), the world's largest manufacturer of bip 
brighmcsa visible LEOs; SDL - the lar&est U.S. manufaciUrer of commercial and consumer ~alief diodes; 
and Xerox. the Jead.ina manufaetun:t of document equipment iD the United Swea. HP and SOL will be responsible 
for die epilaldal powtb of the Gallium Nitride (GaN) and related films, wbile Xerox will udllze iu expertise in 
maceriaJJ C'haraclerizadon to assist Hewklt Packanl and SOL in the cbaraaerizadoa of epitaXial p:own crystals. In 
addidon 10 the core ~die Coosortium c:onsisU of two substrate manutactunn. American Crystal 
Tedmologicl and A TMI. bOtb of wbom bave demoosuatcd bigb quaUty subslrace g.rowtb. The two partk:ipadna 
unlversitiel, Tbe University of Texas and Bcstoo University, bave demonstrated some of the bigbest quality OaN 
filml fal.xicated to daCe. 1be four associate members wiD concentra&e on the development of advanced subslrall:: and 
epitaxial powdl techoolopcs. in particular the university effcm arc to CODCCJ1II'8tc on bigb risk, lonl range 
ceebnoJoty. Oevli:c fabricatloa will be pertcnncd at HP and SOL where LEDs and laser diodes wiD be fabricaced, 
respectively. 

The technical approacb is focused on marerials growth techniques, subslrate cecbnoloslea. maleriaJs dlaracterizad<11, 
device fabric:ation and prototype demonstration. Tbe final demonslrad<ll of the Consortium wiD be manufacturable 
LEDs and laser diodes (LDs) opemtina in die blue and p:en repoos of the spectrum. Consortium members are 
highly committed to the commercialization of the cecboology and wiD perform the device development within their 
existin& manufacturing facilities for ease of transfer to already existing bigh volume produclion linea. It is the intent 
of tbe CODIOI'tium. within two years following the c:ompledon of this Apeement. to produce bigb-volume 
compooewto salisfy existins and emergina mUitary and c:ommercial applicadoos and 10 iDtepare these enablinl 
components into consumer jYOducts produced both by members of the Blue Band Consortium and other 
manufaciUring rums. 

B. Definition• 

1. "'Consortium" is a group or independent entities, specified in Article IV herein, wbich bave cbosen 
to be bound together under a set of Articles of Collaboration for the purpose of performing the tasks set fotth herein. 

2. "Articles of Collabc:ntion" (hereinafter" Articles") are the agreed upon rules and procedures wbicb 



AGREEMENT NUMBER: MDA972-9S-J..()(D 
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aovem die activities and telaliausldp& of die COOSO'tium and lbe Consortium Members. 

3. '"Consortium Exetulive Committee" (hereiDa{ter "CEC") is tbe reclmical and rmancial management 
body of tbe Consoctium, as defined iD tbc Articles. 

4. '"Consortium Member" - Eacb of tbe partidpalins entities. once baviDII executed tbe Articles, is a 
member of lbe Consortium and therefore a participant to tbis ApeemenL 

S. "Party" -F« purposes of tbis Aareement. tbele .-e only two Parties: ARPA (The Government) 
and tbe Consortium (comprised of all CODSMium Members). 

6. "Tedmiall Propam Manager" (hereinafter "ProJniiD Maaagd") is tbe Government's tedmical 
represeutadve fnm ARPA c::haraed widl ovemll responsibility for review aod verifkadon of axnpletion of Payable 
Mi1estoaes and tbe Swement of WOI'k. indudinl amendments or modification tbereto. as set fortb herein. 

7. "CODSCJI1ium Tedmiall Coordiaatot'' (bereiDafter "Tecbniall Ccxxdinatol"1 is tbe autbcxized 
tedmical aaeot of the CoDSMium daafled wilb mainaainina a tec:lmical/ administtalion point-of-amtaa fuDCtion 
witb ~e~poosibiUdes includina rec:eipC aad disbibution of all cc:mmunicadons between ARPA and lbe Cousortium, 
monitoring of t«hnical proaram progress toward payable milestooes. and fadlitadon of overall program tec:bnical 
and reportina requirements on behalf of tbe CoosMium. acting as lhe princlpal tec:hnical point of contact. 

8. "Consortium Adminisua&or" is lbe authorized asent oftbe Consortium cbarged witb maintainina 
tbe program rmancial manaaemeot flalCtioa including receipt and distribution of program fwlds. monitoring of 
rmandal program pt'OgteSS toward payable milestQneS, and facilita!illg overall program fmancial and reportins 
requirements on bebalf of lbe Coosamum. 

9. "Agreement Administral<X"' is tbe Government's principal point of contact for an administrative, 
f1nandal or otber non-tec:bnical issues arising under tbe Agreement. 

10. "Intellec:tual Property" means any inventions, e~e~tions, improvements, tec:bnkal data, mast 
works, works of autborsbip or other developments, including software, and improvements thereto, wbether 
patentable, copyrightable or not. conceived and developed durinJ tbe rerm of this A,..eement wilb joint (i.e., 
Consortium and Federal) fundina. "Inrellecmal Property Rigbts" means any Rights in Intelledual Property 
including patents, copyrights, tec:bnical data, mask works. trade secrets and confidential information. 

C. Scope 

1. The Consatium sball perform a coordinal.ed research and development JX'OII'IUD (Program) 
designed to develop Higb-BandJap ID· V Marerials and Optical Devices. Tbe research sbal1 be carried out in 
accordaoce witb tbe Statement of Wort incorporated in tbis Agreement as Attachment 1. Tbe Consortium sball 
submit or otherwise provide all documentation required by Attaclunent 2, Report Requirements. 

2. The Consatium sba1l be paid for eacb Payable Milestone acccmplisbed in accordance witb lbe 
Scbedule of Payments and Payable Milestones set forth in Attachment 3 and the procedures of Article V. Botb the 
Schedule of Payments and the Funding Schedule set forth in Attachments 3 and 4 respectively may be revised or 
updated in accooJance wilb Article m. 

3. The Government and lbe Consortium (Parties) estimate tbal tbe Stalelllent of Work of this 
Agreemeut can only be acamplisbed wilb tbe Consortium qgregate resource contribution as set forth in 
Attacbments 3 and 4 of tbis Agreement to be provided frmn tbe effective date of tbis Ag~eement tbrougb twenty-four 
(24) months thereafter, includinJ, if applicable, any ARPA approved pre-Agreement coscs. The Consortium intends 
and, by entering into tbis AJteement. undertakes to cause to be JX'Ovided these funds. As a condition of tbis 
Agreement, it is herein understood and agreed that Federal funds and funds identified as Consortium contributions 11e 
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ro be used oaly fw cosas tba&: (i) a reasooablc aad pruden& penon would incur ia carryiDJ out lbe advaDced resean:b 
project bereiD; aad (ii) are coasisteDl wilb lbe purposes scared in the govemms Congressional autborizations and 
appropriatioos. Comortium conlributions wiD be provided as detailed in tbe FUDdins Scbedule set forth in 
Attacbment4. If eilber ARPA or the Coosmtium is 11113ble to provide its respective total contributioa, the otber 
party may reduce its project fundins by a proportional amounL 

D. Goals/ObJectives 

1. The overallsoal of lbis Consartium is lbe rapid development and demonscradon of optoelectr'ODic 
components operating in lbe green, blue and ultraviolet portion of tbe optical spectrum. To realize this soaL tbe 
tecbniall objectives will focus on three major efl'orts: 

• a highly intepated development of all'e materials srowth tedmologiea; 

• identif"IC'atioa and development of key substrate technologies; 

• prototype demoastration of tbe intepared powtll and materials cbaracterization efforu 
in Li&JU Emittin1 Diodes and Laser Diodes. 

2. Tbe Government will bave cootinuous involvement with the Consortium. 1be Government wiD 
also obtain access to research results and certain rigbm in data and parenm pursuant to Articles VU and vm. ARPA 
and tbe Consortium are bound to eacb otber by a duty of good faith and reasonable research effort in achieving tbe 
goals of the Cmsortium. This Agreement reflects tbe collaborative document identified as .. Articles of 
Collabotatioo for Blue Band," wbicb document binds Consortium participants. 

3. This Agreement is an "other transaction" pursuant to 10 U.S.C. 2371. 1be Parties agree tbal the 
principal purpose of tbis Agreement is for lbe Government tO support and stimulate tbe Consortium to provide iCs 
muooable effarts in advanced researcb and teclmology development and not far tbe acquisitim of property or servic:a 
for tbe ditecl benefit or use of tbe GovernmenL 1be Federal Acquisition Regulation (FAR) and Department ot 
Defense FAR Supplement (DFARS) apply ooly as speciftallly referenced berein. This Agreement is not a 
procurement contraa or grant agreement for purposes of FAR Subpart 31.205-18. This Agreement is not intended 
to be. nor sball it be construed as, by implication or otherwise, a partnership, a corporation, or otber business 
organization. 

ARTICLE liz TERM 

A • The Term of tbiJ AJrHment 

The Program commences upon the dare of lbe last signature bereon and continues for twenty-four (24) montba. If all 
funds an: expended prior to the 24-montb duration, tbe Parties bave no obligation to continue performance and may 
elect to cease development at lbal poinL Provisions of this Agreement. wbicb, by their express lenni or by 
necessary implication, apply for periods of time other tban specified herein, sball be given effect, notwithstandinJ 
this Article. 

B. Termination Provlsiolll 

Subject to a reasonable determination tbat the project will not produce beneficial results commensurate witb lbe 
expenditure of resources, or as a result of recognition tbat tecbnical objectives and market conditions cannot be 
realized, eilber Party may terminate this Agreement by written notice to the other Party, provided that sucb writteD 
notice is preceded by consultation between rbe Parties. In tbe event of a termination of tbe Agreement, it is agreed 
tbat disposition of Data dcvelqJed IDlder this Agreement, sball be in accordance with tbe provisions set fortb in 
Article vm. Section B. Tbe Government, acting through the Agreement Administtalar, and tbe Consortium. actms 
lbrougb its Consortium Administrator, wiD negotiate in good faith a reasonable and timely adjustment of an 
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outslalldinl issues betweea tbe Parties a1 tbe time of rennioation. Failure of tbe Parties 10 agree re a reasonable 
adjustment will be resolved punuaua to Article VI. 1be Government bas no obligatioa to reimburse die Coosortium 
beyond rbe 1asa completed and paid milestooe if the Consortium. actiDg through its Consortium Executive 
Coouniuee. decides 10 terminate. 

Co Extendlna the Term 

1be Parties may extend by mutual written apeement tbe tenn of tbis Agreement if funding availability and researdl 
opportunities reasonably warrant. Any exteasion sball be formalized tbrougb modification of the Aareement 
by tbe Agreements Admin.istratm and the Consortium Administratcr. 

ARTICLE IU: MANAGEMENT OF THE PROJECf 

A o Consortium Members 

Tbe Members of lbe Consortium sbal1 be those identified ia the Articles of Collaboration. Cbao1es to tbe 
membership of tbe Consortium requite tbe approval of ARPA as described below. Consortium Members, as set 
forth in the Articles of Collaboration of the Consortium, are either PriDcipal or Associate Members, as follows: 

Principal Members: 

Associate Members: 

HEWLEIT-PACKARD 
SOL 
XEROX 

AXT 
ATMI 
1be University of Texas at Austin 
Boston University 

B. Consortium Executive Committee (CEC) 

San Jose, CA 
San Jose, CA 
Palo Alto, CA 

Dublin, CA 
Danbury, cr 
Austin, TX 
Boston, MA 

1. There sball be a Consortium Executive Committee ("CEC1 comprised of representatives of tbe 
Principal Members, constituted iD accordance witb the Articles of Collaboration. The CEC sball bave tbe autbuity 
to bind tbe Consortium Members by the mechanisms set fortb in tbe Articles of Collaboration. 

The following CEC decisions are subject to ARPA approval (wbicb shaU not be unreasonably 
witbbeld): 

(a) Changes 10 the Articles of Collaboration if sucb changes substantially alter tbe 
relationship between tbe Parties as originally agreed upon wben tbe Agreement was executed; 

(b) Changes to tbe Articles of Collaboration if sucb changes substantially alter tbe 
relationship amonJ the Consm'tium Members in effect wben tbe AJreement was executed; 

(c) Changes to, or elimination of, any ARPA funding allocation to any Consortium Memba' 
for technical or rmancial reasons; 

(d) Revisions to tbe Statement of Work or tbe Funding Schedule of tbis Agreement; and 

(e) Admission, removal or replacement of Consortiwn Members, excluding tbe down-select 
process identified in tbe Statement of Work. 
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2. The CEC sbaD establisll a sdledule ot quarterly tedmical meetiags. Tbe CEC sball DOtify all 
Coasortium Members and tbe ARPA Propam Manager of tbe established meetins sdJcduJe and, in lbe eveat of 
cbanges 10 lbis schedule, sba1l notify all Coosanium Members aud the ARPA Proaram Manaser thirty (30) caleoca 
days prier to the next scbeduled meetins. Meetings of the CEC, other than quarterly technical meetings. may be 
called a1 any time upoo at least fifteen (15) calendar days' notice by the written request of any Coasmimn Member 
represenrative on the CEC to the CEC cbair. 

3. Subject to procedural requirements as set forth in tbe Articles, decisions of the CEC sbaD be 
readied by consensus or mutual agreemenl 

C • Manaaement and Proaram Structure 

1. Tec:bnk:al and prolf8Dl manqement ~ r.be c:oordinarcd taearcb popam establisbed under this Apemeat 
sbaD be accompU.sbed tbrouJh the man&ICJDelll Sb'UdiUa and poces5CS described iD tbis Article and tbe Articles of 
Collaboratk:-. 

(a) Subject to the terms and conditions of tbis Apeement and of the Articles of Collaboradoa ~ tbe 
Consoritum. the CEC shall be responsible for the overall management of the COOSOrtium includina tedmical, 
progtammalic, reportins. financial and administrative matters. 

(b) The ARPA Proaram Manager sball be a non-voting member of the CEC, but sball othetwise 
fully participacc in reSU]ar tecbnical meetings of tbe CEC. Other Government personnel as deemed appropriate by 
the ARPA Program Manaler may also participaae in the technical potion of these meetinas. 

(c) A Program Board, coosisdna of one senior level management person appointed by eacJa 
Principal Member and one persan appoinred by ARPA will be established to oversee tbe research proJflm. The 
Propam Ba.d functioa and membersblp sball be as set fortb in the Articles of Collaboradon. 

2. Tbe ARPA Program Manager sbaJl be respoosible for the review and verification of the oompledoa of eacb 
Payable Milestone, and shall have continuous interactioa to cause effective collaboration between ARPA and the 
Consortium. 

D. Proaram Manaaement Plannlna Procea 

Tbe program manqement and plannlna process sbaD be subject to quarterly and annual reviews witb inputs and 
review from the CEC and tbe ARPA Program Manaaer. 

1. Initial Prosram Plan: The Consortium will follow the initial program plan that is contaiued in 
the Statement of Work (Anachmentl), and the Schedule of Payments and Payable Milestones (Attachment3). 

2. Overall Program Plan Annual Review 

(IU The CEC, witb ARPA Program Manaser participation and review, will prepare an 
overall Annual Program Plan in the rli'St quarter of eacb Agreement year. (For this purpose, each 
consecutive twelve (12) montb period fmn (and including) the month of execution of this Agreement 
during wbicb this Agreement shall remain in effect shall be considered an .. Agreement Year. j 1be 
Annual Program Plan will be presented and reviewed at an annual site review concurrent wilh tbe 
appropriacc quarterly meeting of the CEC wbicb will be attended by the Consortium Members. lbe ARPA 
Program Manager. Senior ARPA managementm- other ARPA program managers and personnel as 
appropriate. The CEC, witb ARPA participation and review, wiU prepare a final Annual Program Plan. 

(b) The Annual Program Plan provides a detailed schedule of research activities, commits tbe 
Coosmium to use reasonable research efforts to meet specific perfonnance objectives, includes forecasted 
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expeudiwre and desaibes tbe Payable Mllesroaes. The Annual Program PlaD wiD consolidarc aU prior 
adjustmenrs in the researcb sc:bedule, indudina revisiooslmodifications to payable milestones. 
Rec(l1liiiC1ldatio for cbanges, revisions or modifJCatioos to lhe Agreement wbicb result from lbe Annual 
Review sbaU be made in accordance willa tbe provisions of Article m, Sectioa E. 

E. Amendments I Modifications 

1. A& a result of quarterly meetings, annual reviews, or at any time durinl tbe rerm of dle Agreement, 
n:searcb prosress or resulrs may indicate tbal a cbangc in the Statement of Wort or Scbedule ofPaymcntnnd 
Payable Milestones (Attacbment3) would be beneficial to proJflUD objectives. RecclmmeDdalims far modifk:adoos, 
mcludina justiflCalims to suppart tbe recommended cbaaaes to dlc Statement ol Wort «Schedule of Paymenrs and 
Payable MilesUlDes, will be documented and submitted in wrilinJ by lbe CEC to lbe ARPA Propam Manaaer for 
review aad approval, witb a copy to tbc ARPA Apeemencs Administrator. 1bis sulxnissicm wiU detail tbe 
tcdmica1, scbedule, and finandal impiClS of c:acb proposed modification. The Government is DOt obUpled to pay 
for addldooal or revised Payable MDestooes uotil tbe CEC·reammcnded cban&es are approved by tbe ARPA 
Propam Manager aDd tbe ScbeduJe of Pa)'IDCillS ancl Payable Milestoocs is formally revised by tbe ARPA 
Apeementl Admiftiscrator and made 18t of dais Apeement. 

2. The ARPA Program Manager sball be responsible for tbe review and approval of any CEC 
recoounendalions to revise or otbelwise modify this Agreement's Statement of Wort or Schedule of Paymenrs and 
Payable Milescones or otber proposed chanaes to lbe terms and conditions of this Aareement 

3. For minor or administrative Agreement modifications such as changes in lbe paying offiCe or 
appropriation data, or chaDges to Government persoone1 identified in dais Agreement. no signature is required by tbe 
Consortium. For administtalive changes initiated by tbe CEC, sucb as cbanges in Consortium personnel identif'led 
in Ibis Aareement and address or phone number changes, tbe CEC may audlorize dle Consortium Administrator to 
act as agent in signing sucb mina Administrative amendmenrs or modifications. 

ARTICLE IV. AGREEMENT ADMINISTRATION 

UnJess odlerwise provided in this Agreement, approvals permitted or required to be made by ARPA may be made 
only by me ARPA Apeementa Administrator. Administrative and contractual mauers under Ibis Agreement sbal1 be 
refemld to me followinJ representadves of me parties: 

CONSORTIUM: 

Elaine Ely • Agn:emenrs Administrator 
ARPA I CMO (703) 696-2411 

Janelle Johnson -Consortium Administrator 
SOL (408) 943-9411, ext 232 

Technical matters under Ibis Agreement sball be refeaed to tbe following represenlatives: 

CONSORTIUM: 

Anis Husain • Program Manager 
ARPA I MTO (703) 696-2236 

David Welcb • Tecbnical Coadinator 
SDL (408) 943-9411 

Io Major • Principal Investigator 
SOL (408) 943-9411 

Each party may change its representatives named in Ibis Article by written notification to lbe odler party. 
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ARTICLE V: OBLIGATION AND PAYMENT 

A • Obligation 

1. Tbc Government's liability to make payments to the Consortium is limited to only those fuads 
obliptcd under this Agreement or by ameodment to the AgRement. ARPA may ina'ementally fund tbis Aan:emeot. 

2. · If modiftcadoo becomes necessary iD perfocmaD<:e of this Agreement, pUl'SWIDI to Artkle m. 
parasrap11 E, die ARPA A8feCJilellts AdminisUalor and Coosmium Administrator sball negotiate and execute a 
revised Scbedule of Payable Milestones c:onsistent with the then current Pmpam Plan. 

3. Obligation levels are subject to cbango oaly by written amendment or modiflc:adoD to the 
Agteemem in accordance with Article M.E. 

B. Payments 

1. ID addition to any other rmanc~a~ reports provided or required, the CF.C sball nodfy tbe ARPA 
Agreements Administrator immediately if any conlribution from a Consortium Member is nOI made as required. 

2. Prior to the submission of invoices to ARPA by the Consortium Administrator, tbe Coosortium 
sball have and maintain an established accounting system wbicb complies with Gencrally Accepted Aceoundng 
Principles, and with the requirements of Ibis Agreemeill, and sbaD ensure dlal appropriate anangements have beea 
made for receiving, distributins and accounting for Federal funds. 1be Parlies recognize thai as a conduit. the 
Consortium docs not incur nor does it allocate any indirect costs of its own to the Consortium Member cost directly 
iDCUfl'ed pursuant to this Agreement. Consistent with Ibis, an acceptable accountins system will be one iD wbicb all 
casb receipts, disbursements, and engineering hours are c:ontroDed and documented poperly in accotdance with eacb 
Consortium Members' normal business practice. 

3. Tbc CEC sball document the aa:omplisbments of eacb Payable Milestone by submitting or 
otherwise providing the Payable Milestones Report required by Attachment 2, Pan D. 1be Consortium sbaD 
submit an origiDal and five (S) c:opies or all invoices to the Agreements Administrator for payment approval. Alter 
written verification of the accomplisbment of the Payable Milestone by the ARPA Propam Manaaer, and appoval 
by the Agreements Administrator, the invoices will be forwarded to the payment otrace wilbiu thirty (10) calendar 
days of receipt of the invoices at ARPA. Payments will be made by AFDW IFW, Aun: Commerdal Services, 170 
Luke Avenue, Suite 280, Bollin& Air Force Base, Wasbinat.on. DC 20332-5113 within twenty (20) calendar days of 
ARPA's transmittal Subject to cbange only tbroup written Apeement modification, payment sball be made to the 
address of the Consortium Administtator set forth below. 

4. Address of Payee: BLUE BAND CONSORTIUM 
Aun: Janelle Johnson, Consortium Administrator 
SDL, Inc. 
80 Rose Orchard Way 
San Jose, CA 95134-1356 

Payment•• shall be made by domestic electronic wire transfer 

To: 
Route & Transit: 
For Credit of: 
Credit Account: 
By Order of: 

SIL VLY BK SJ 
121140399 
SDL, Inc. 
03516628-70 
(name of sender) 

•• Each Payment Must Be Marked With Invoice Number 
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S. Payments sball be made no more fi'equendy tban quarterly iD the amomus set forth in tbe 
Auadlment No. 3 (B) "Detailed Schedule of Payable Milestones." provided the ARPA Program Manager bas verified 
tbe IILXOIDplicbmea& of tbc Payable Milestoaes. It is recopized tbal tbe quarterly aa:ountin1 of cum:nt expeDdibDa 
reported in tbe "Quarterly Business StalUS Report" submitted in aa:miance with Auadunent No. 2 is not nec:essari1y 
inteDded ot required to ma1Ch tbe Payable Milestones until submission of the Fmal Report; however, payable 
milestones sball be revised dwing tbe course of tbe program 10 reflect cunent and revised projected expenditures. 

6. Limitation of Funds: In no case sball the Government's fmancialliability exceed tbe amount 
obligated IDlder tbis Agreement 

7. Financial Records and Repotts: Tbe Consortium and Conscrtiwn Members sball maintain 
adequale recards to ~t Cot Fcdcral funds received UDder tbis Ap-eement and sball maincaiD adequate rec:cJI'da to 
account lot COOIM.ium Participant funding provided under this Agreement Upon cc:mpledon ot terminadoo of lbil 
Apeement. wbicbever occurs earlier, lbe Consortium AdmiDistralor sball fumisb to tbc Apeements AdminisUaror a 
copy of tbc final repott required by Attachment 2. Part E. Tbe Consortium's and Consortium Members' relevaal 
finandal records are subject 10 examinatina or audit oo behalf of ARPA by tbe Government fat a period not ro 
exceed three (3) years after expiratioo of tbe term of this Agreement Such audits ot examinalioD may be conducted 
by independent ~ed public aa:oundng or auditiDa rums designated by the Cooson.ium Members with compleee 
reports made available to the Government upon request The cost of any independent audit sball be paid by tbe 
Consortium Member. Tbe Agreements Adminisuator ot designee sbaD have direct aa:ess fat a period of three (3) 
years after completion of this Agreement to suffiCient records and infonnalion of the Consortiwn and Coosordum 
Members. to ensure full accountability fat all fundina under this Agreement Such Government audit, examinatioo, 
or access sball be pedormed durina business hours an business days upon prior written notice to the Consortium 
Member and sbal1 be subject 10 the security requirements of tbc audited party. This Agreement shall not be 
construed as requirina the Consortium Members to estabUsb systems extending beyond their current systems to 
account fat costs in accordance with aenerally accepted acc::oontiDa principles. 

ARTICLE VI: DISPUTES 

A. General 

Parties sball communicate with one another in good faith and in a dmely and c:ooperadve manner wben raisins 
issues under this Artide. 

B. Dispute Resolution Proc:edures 

1. Any disagreement, claim or dispute between ARPA and the Consordmn concerning quesdoas of 
fact ot law arising from or in ronnecdon with this Agreement, and, whether or not involving an alleged breach of 
this Agreement, may be raised only under this Article. 

2. Whenever disputes. disagreements. or misunderstandinas arise, the Parties sball attempt to resolve 
tbe issue(s) involved by discussion and mutual agreement as soon as practicable. In no event sball a dispute, 
disagreement ot mislUlderstanding which arose more than three (3) months prior to the nodfiauion made under 
subparagraph B.3 of this article ronsdbJte the basis for relief under this article unless the Director of ARPA in the 
interests of jusdce waives this requiremenL 

3. Failing resoludon by mubJal agreement, the aggrieved Party shall document the dispute, 
disagreement, or misunderstanding by notifying tbe other Party (tbrougb the ARPA Agreements Adminisuator ot 
Consotdmn Adminisuator, as tbe case may be) in writing of the relevant facts, idendfy unresolved issues. and 
specify the clarifiCation ot remedy soupL Within five (S) wming days after providing notice to the other Party, 
the aggrieved Party may, in writing, request a joint decision by the ARPA Deputy Director Cot Management and 
Representadve of the CEC of the Consortium ('"Consortium Representative"). The olher Party sball submit a 
written position on the matrer(s) in dispute within thirty (30) calendar days after being nodfred that a decision bas 
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been requeson 1be Deputy Dil'edllr for Maaqement and die Coosortium Represeolalive sbaU cc:mdlM:t a ...,view of 
rbe maua(s) m dispute and reader a dedsioa iD writina wirbia dlirty (30) calendar days ot receipC ot sucb wriUea 
posidoa. Ally sudl joinl dccisioD is rma1 aad biadin& UDiess a Party sball within tbirty (30) calendar days request 
furtber mview as provided iD this Article. 

4. Upon wriUeD request to the DUectoc of ARPA. ma,le witbiD thirty (30) calendar days of a joint 
decisi<Ra, or upoa unavailability ~a joint decision under subparap'apb B.3 above. tbe dispute sbaJl be f'urtbe:r 
reviewed. Tbe Direc:tor of ARPA may elect 10 conduct tbis review personaDy or lbrougb a designee or joindy wilb a 
represeutative of the odlet Party wbo is a senior' offiCial of the Party. FoUowina the le'Yiew, tbe I>iJ'ec«lr or ARPA 
or designee will resolve lbc issue(s) and notify tbe Parties iD writina. Sud& resolution is not subject to funher 
adminisCrallve review and. ro tbe extent permitted by law. sbaD be final and bindina. 

s. Subject ooly 10 tbis.artk:le and4t u.s.c. 321~322. if not sadsfied witb tbe results or compledna 
tbe above process. either Party may wilbin tbiJty (30) calendar days or tempt of the joint dedsim notice iD 
subpamarapb B.3 above pursue any right and remedy in a coun ot competent jurisdic:don. 

C • Limitation of Dama1e• 

Claims for damages of any natute whatsoever pursued under this Agreement shall be limited to dilect damages only 
up to tbe aureaate amount of ARPA fuading disbursed as of tbe lime tbe dispute arises. In no event sbal1 ARPA 
be liable for claims for consequenlial. punitive, special and incidental damages. claims f<X' lost profits, <X' other 
indited damages. ARPA apees that there is no joint and several liability within the Consortium. The CODIOI'tium 
disclaims any liability f« amsequendal, indi.ftlct, or special damap. except when sucb damages are c:aused by 
willful misconduct of tbe Consortium Manaaerial personnel. In no event sball the liability of a Consortium · 
Member or any other endty perf<ll11ling researcb activities under tbis Agreement exceed the funding it bas received up 
to the time of incunin1 such liability. 

ARTICLE VII: PATENT RIGHTS 

A. Ddlnltlons 

1. "''nvention•' means any invention or discovery wbicb is or may be paumcable or otherwise 
protectable under Title 3S of the United States Code. 

2. "Made" wben used in relation to any invention means tbe conception or lUst actual reduction 10 
~ce of sucb invention. . 

3. "Practical application" means to manufacture, in the case of a composition of product; to (Ddlce. 
in tbe case of a process or method. or to operate, in the case of a macbine or system; and., in each case. under sucb 
conditions as to eablish that the invention is capable of bein1 utillzed and tbal its benefits are. to the extent 
permitted by law « Government regulations, available to the public on reasonable terms. 

4. "Subject invention" means any invention of a ConsMium Member conceived or first actually 
reduced to practice in the pelfonnance of wm under this Agn:ement 

S. "Consortium" as used in this Article means individual Consortium Member. 

B. Allocation or Principal Rights 

Unless the ConsMium shall bave notified ARPA (in acoordance with subparaarnph C2 below) that lbe Consortium 
does not intend to retain tide. the Consortium shall retain tbe entire rigbt. tide, and inrerest throughout tbe w«ld to 
each subject invention consistent wilb the provisions of tbe Articles of Collaboratioa. this Article, and 35 U .S.C. 
202. Wilb respect to any subject invention in wbicb tbe Consortium retains tide, ARPA shall bave a non
exclusive. nontransferable, irrevocable, paid-up license to practice « bave practiced on bebalf of the United States the 
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subject invenlioD throughout tbe world for GovemmeDI military and research purposes only. Notwitbstandillalhe 
above. the COIJSOitium may elect as defmed iD irs Articles ol Collaboradoo to provide full or partial rights dial it 
bas retained to Cc:IISMium Participants or other pardes. 

C. Invention Disclosure, Election or Title, and Flllna or Patent Application 

1. Tbe Consortium sball disclose each subject invenlioo to ARPA within four (4) montbs after the 
iaveoa discloses it in writina to his company or university personnel responsible for patent malters. 1be 
disclosure to ARPA sball be in the form of a written repcxt and sball identify the Agreement under which the 
iavenlioa was made and the identity of the inveDIOI(s). It sball be sufficiendy complete iD technical detail to aJDvey 
a clear understandiDI to the extent known at the lime of tbe disclosure, of tbe nature, purpose, operation. and tbe 
pbyskal. cbemical. bioloJic:al, or electrical c:haJacteristic of the lnventioa. 1be disclosure sball also identify any 
publication. sale, or public use of the iDvenlioo and wbetber a manuscript desaibioJ tbe invention bas been 
submitted for publiauion and. if so, whether it bas been accepted far publicatioa at the time of disclosure. 

2. If tbe Consortium detenniDes that it does DOl intend to retain title to any such iovendoa, the 
Coosordum sball aodly ARPA, in writin&, witbiD twenty-four (24) months of disclosure to ARPA. However, iD 
any case where public:alioD, sale. or public use bas initialed the one (1)-year stabltory period wberein valid parent 
protection am still be obtained in the United Slates, the period CCX' such notice may be shortened by ARPA lbrouJb 
written notice to tbe CEC to a date that is no more than sixty (60) c:aJendar days prior to the end of the sratutory 
period. 

3. The Consortium sball me its initial patent application on a subject invention to which it elects to 
retain title within one (1) year after election of title or, if earlier, prior to tbe end of the sratutory period wberein valid 
patent protection can be obtained in the United Swes after a publication, CX' sale, or public use. The Consortium 
may elect to me patent applications in additional oountries (includina tbe European Patent Oftlce and the Parent 
Cooperation Treaty) within either ten (10) months of the axresponding inilial patent applicalion or six (6) months 
from the date permission is panted by the Cooamissioner of Palents and Trademarks to file foreip patent 
applications, where such filing bas been prohibited by a Seaecy Order. 

4. Requests for extension of time for disclosure election. and filing under Article vn subparagraph C, 
may be granted by the Government Requests for extension are to be fCX'Warded to tbe ARPA Agreement 
Administraror. If tbe Rquest for extension is consistent with the intent of the Agreement and based on a sound 
business rationale. tbe approval of tbe Government for a reasonable time extension sball not be withheld. 

D. Condltlona When the Government May Obtain TiUe 

Upon ARPA's wriuen request, the Consortium sball convey tide to any subject invention to ARPA under any of 
the following conditions: 

1. If the Consortium fails to disclose or elects not to retain tide to the subject invention witbiJI the 
times specified in paragraph C of this Article; provided, that ARPA may only request tide within sixty (60) calendar 
days after learning of the failure of the Consortium to disclose or elect within the specified times. 

2. In those countries in wbicb the Consortium fails to file patent applications within the times 
specifted in paragraph C of tbis Article; provided, that if the Consortium bas filed a patent application in a country 
after the times specified in paragraph Cor this Article, but priCX' to its receipt of the written request by ARPA. the 
Consortium sball continue to retain tide in that country; or 

3. In any country in which the Consortium decides not to continue the prosecution of any application 
for, to pay the maintenance fees on, or defend in reexamination or opposition proceedings on, a patent on a subject 
invention. 
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E. Minimum Rights to tbe Consortium ancl Protection or the Consortium's Right to File 

1. The CODS(JI'tium shall retain a non-exclusive, royalty-tree license tbtougbout lbe wcrld in eacb 
subject inveodoD 10 wbil::b the Government obtaioa title, exc:epe if die Consortium fails to disclose tbe invention 
within the times spedf"Jed in paragrapb C of this Ank:le. Tbc Coasoltium Hceasc extends to the domestic (includins 
Canada) subsidiaries and aflilia&es. it any, or the Consortium Participants witbill the oorporale Sll'UCture of whlcb the 
Consortium ParcicipaDl is a party and inclUdes the riJbt to JfaDllic::enses of the same or lessor scope to the extent 
thai. the CoasoniuiD was leJally obligated to do so a1 the time the Aareemeat was awarded. Tbe l1ceDse is 
traDSferable ODiy witbin the approval of ARPA, except wben transferred 10 the suc:::ceuor of thai part of the business 
10 wbicb die iDvention pertains. ARPA approval for l1ceose traasfer sbaD llOl be um:easonably withheld. 

2. Tbe Con.sonimu domestic license may be rnoted or mod.ifted by ARPA to lbe extent necesslf"Y 
to acbiove expeditious pracdcal applk:alioo of subject invenlioll punmmt to aa applkatioo for an excluaive J1c.1IDII 
submitted eonsisteD& witb appropriate provlsioas at 37 CFR Part 404. provided tbat sucb revocadoa « modlflcatioa 
sbaU DOl like place leas lban (S) yean after the end of lbe tam of tbe AJRCIIICDL Tbls Uc:ense sball DOt be revoked 
in that field of usc 01' tbe acopapbical areas in wbicb the Consordulll bas ad&icved pactic:al applic:atioa and 
eontinuca to make the beneflb of the invention reasonably accessib)e 10 the publlc. 1be Uamse in any foreip 
counuy may be revoked or modified at the discretion of ARPA 10 the extent the Conscrtium, its licensees. or the 
subsidiaries or aftillates bave failed to achieve practical applicatioll in tbal forei4D counrry. 

3. Before revocatioD or modificalion of lbe license, ARPA sbaU fumisb the ContOrtium a written 
nolice of its iDtcnlioo 10 n:voke or modify lbe lkensc, and the Consottium sball be allowed thirty (30) calendar days 
(01' such other time as may be authorized for aood cause shown) after lbe notice to show cause wby tbe license 
sbould not be revoked 01' moditied. 

F. Action to Protect the Government's Intere•t 

1. The Coosortium agrees to execute or to bave executed and promptly deliver to ARPA all 
instruments necessiiJ co (i) establish or coofirm tbe ripts the Oovenunent bas tbrougbout the wcrld in those 
subject inventions to wbicb the Consotdum elects to retain tide, and (ii) convey tide to ARPA when requested UDder 
pal'881'3pb D of this Article and co enable the Government to obtaia patent protection lbrouJbout the world in tbat 
subject invention. 

2. Tbe Consortium agrees ro require that employees of tbe Panldpaats of the Coosorlium warkinJ 
on tbc Consortium,. OCbet thaD clerical and nontedmic:al employoes. aaree to disclose promptly in writina. to 
penounel identified u responsible for the administration of pateDt matters and m a format accepcable to lbe 
Coasortium, each subject invention made under this Apeement in order 1bal tbc Consortium can comply with the 
disclosure provisions of paraarapb C of this Article. The Consortium may follow standard company or university 
poUdes with respect ro employee disclosure of Subject Inventions. 

3. Tbe Consortium sbalJ notify ARPA of any decisions not to continue the prosecution of a patent 
appUcation. pay maintenance fees, or defend in a reexaminatiCil or opposition proceedinp on a patent, iD any 
c:ountty, not lesa tban tbiJty (30) calendar days before the expiration of the response period required by the relevant 
patent offtce. 

4. The Consortium sball ioc:lude, within the spedf'JCation of any United States patent applk:ation and 
any patent issuin& tbereoo coverina a subject invention, the followin& stalement: "This invention wu made witb 
Government support under Apeement No. MDA972-9S..3...()(D awarded by ARPA. The Government bas certain 
rigbra iD the invention." 

G • Lower Tier A1reements 

1. The Consortium sball include tbis Article, suhably modified, to identify the Patties. in all 
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subcoocracts or lower tier agreements. regardless of tier, for experimental, developmental, or research wort. 

2. In tbe case of a lower tier agreement witb a vendor. at any tier, ARPA. the vendm'. aDd tbe 
Consotium agree tbal the mutual obligations of tbe parties ~ by tbis Article now down to tbe vendor aod 
constitute an agreement between the vendor and ARPA witb respect to the matters covered by this Article. 

H. Reportlna on Utilization of Subject Inventions 

1be CODS«ldium agrees to submit, during tbe term of tbe Agreement, periodic reports no more frequently tbaa 
annually oa tbe utilizalioa of a subjea invention or on efforts at obaainins such utilization of a subject invention or 
on efforts ac obtaining such utilization tbat are beins made by tbe Consortium or Uc:ensees or assignees of tbe 
inventor. Such reports sball include information regardins the status of development, date of rust commercial sale or 
use, gross royalties n:a:ived by the Cmsortium subcontractor(s), and sucb otber data and informatim u the agency 
may reasooably specify. 1be Consortium also agrees to provide additional reports u may be requested by ARPA in 
connection with any marcb-in proceedinp undertaken by ARPA in aa:ordaDce wilb paragraph J of tbis Article. 
Consistent witb 3S U.S.C. 202(c)(S), ARPA agrees it shall not disclose such information to persons outside tbe 
Government without permission of tbe Consortium. 

I. Preference for American Industry 

Notwitbstandinl any other provisioo of this clause, tbe ConsortilDD agrees tbat it sball not grant. to any person tbe 
exclusive right to use or seD any subject invention in tbe United States or Canada unless such person agrees tbat any 
product embodying tbe subjea invention or produced through the use of tbe subject invention sball be manufactured 
substantially in tbe United States or Canada. However, in individual cases, the requirements for sucb an agreemeot 
may be waived by ARPA upon a showins by the Consortium tbat reasonable but unsuccessful efforts bave bec:n 
made to pant licenses on similar terms to potential licensees tbat would be likely to manufacture substantially in 
tbe United States or lbat. under tbe circumstances. domestic manufacture is not commerciaUy feasible. 

J. March·ln Rights 

Tbe Consortium agrees tbat, wilb respect to any Subject Invention in which it has retained title, ARPA bas tbe right 
to require the Consortium, an assignee, or exclusive licensee of a subject invention to grant a non-exclusive license 
to a responsible applicant or applicants, upon terms tbat are reasonable under the circlDJlstances, and if tbe 
Consortium. assipee, or exclusive licensee refuses to comply wilb such a requirement, ARPA bas tbe right to grant 
suc:b a license itself if ARPA determines tbat: 

1. Sucb action is necessary because tbe Consortium or assignee bas not taken within a reasonable 
time, or is not expected to take wilbin a reasonable time, effective steps consistent with the intent of this 
Agreement, to achieve pactical application of tbe Subject Invention: 

2. Sucb action is necessary to alleviate health or safety needs which are not reasonably satisflCd by 
tbe Consortium, assignee, or their licensees; 

3. Such action is necessary to meet requirements for public use and sucb requirements are not 
reasonably satisfted by the Consortium, assignee, or their licensees; or 

4. Such action is necessary because the agreement required by paragrapb (I) of Ibis Article bas not 
been obtained or waived or because a licensee of tbe exclusive right to use or sell any Subject Invention in tbe 
United States is in breach of sucb Agreement. 
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1. '"Government Purpose Rights", as used iD this article. means rights to use, duplicate, Ql' disclose 
Data, io wbole Ql' iD part IDd ill aoy maooer, fQI' Govemmeot purposes ooly. Govcromeot purposes ioclude military 
aod researc:b purpaeea. aod use by Goveroment researeb laboraUxies. Govemmeot purposes do oat ioclude lbe right 
to bave Ql' permit others to use,IDOdify, reproduce. release. Ql' disclose Data fQI' C01D1Da'c:ia1 puposes, uoJess lbe 
Data bas beeD delivered to die Govemmeoc iD accmlance with tbe Mardi-ID puess specified iD subpmagrapb B.2 of 
this Article. 

2. '"Data", as used iD this article. means recorded iofonoatiOD, rqardless of Conn Ql' method of 
reoordln& wbicb Includes but is DOt Umited to. t«llnical dala. software. trade seaeta. aod mast worD. developed In 
perf01'11181a oftbis AJRCIIlelll Tile tenn does not include ftnandal, admiDistnltiVe. cost, pridDJ Ql' 11U1111emea1 
iofonnadon and does DOt iDdude subject inventions included under Article vm. 
B. Al1ocatlon of Principal Rl1hts 

1. This Apeemeot sball be performed with mixed Government and Consortium funding. The 
Parties agree that in coosideration fer Government funding, the Consortium intends to ~uce to practical appHcation 
items. components and pocessca developed under this Agreement. 

2. Tbe CODSMium agrees to retain and maintain all Data iD good condition until five (S) years after 
c001pletioo cr termination of this Agreemenl In the event of exercise of the Government's March-in Rights 81 set 
forth under Article VD. Ql' subpara&rapb B.3 of this Article. the Consartium. acting through its Consartium 
Executive Committee. agrees. upon written request from the Government, to deliver, witbJn sixty (60) days from the 
dale of the written n:quest, at no additional cost to tbe Goftf'DIDCDt, aU Data neceuary to achieve practical 
application, consistent with the ioteot of this Agreement, of either a Subject lnventioa Ql' a pardcu1ar tcdmoJoay 
developed under lbJI Apeemenl 

3. Tbe Consortium agrees that, with respect to Data necessary to adlieve practical appUcadon, 
consistent with the intent of this Ap'eement, of either a Subject lnvenlion or a particular technology developed UDda' 
tbia Aareement. ARPA bas the ripe 10 require the Coosortlum Member(s) to srant a oon-exclusive licease to a 
responsible appUcant cr appUants. upon terms tbat are reasonable under the circumstances. and if tbe Consortium 
Member(s). assipee. or exclusive Ucensee refuses to comply with sucb a requirement, ARPA bas the riaht to Jl'llll 
a non-exclusive. royalty-free, license itself if ARPA deteamlnes that: 

(a) Sucb acdon is necessary because the Consortimn Member(s), assipee. Ql' licensee bas oat 
taken within a reasonable time, Ql' is not expected 10 take within a reasonable time, effective steps consistent with 
lbe iotent of this Agreement, to achieve practical application of a particular tecbnoJogy developed under this 
Agreement, or 

(b) s·ucb acdoo is necessary to alleviate bealth or safety needs which are not reasonably satisfied 
by the Consortimn Member(s). assignees, or Hcensees; Ql' 

(c) Such actioa is necessary to meet requirements for public use and such requirements are not 
reasonably satisified by tbe Consortium Member(s), assignees, or licensees. 

4. With respect to Data deliv~ pursuant to Auaclunent 2. the Government sbaU have Government 
Purpose Rights, 81 defined in paragraph A above. With respect to data which bas been developed solely with private 
funds, either priQI' co or outside tbe scope of this mixed-funding Agreement, tbe Government bas no rigbt, Iitle or 
interest rhereio. · 
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'. 1a me cveat this Apecment is terminated UDder tbe cooditioas set rw ill Attide n.B. tbc 
Cousmtium apea to deliver all outstanding Data pursuanl to Aa:acbment 2. documenting all major developmenra 
and propess UDder the Apecment up 1.0 the lime of terminatioo. The Government sball have Oovemmeot 
Purpose Rights to sueh Data. as defined in paragraph A above. 

C • Marklnt of Dahl 

Pursuant to pamgrapb B above., any Dala delivered under this Agreement sball be madted witb tbe foUowinglegcnd: 

Use. duplication, or disclosure is subject to tbe restrictions as seated in Apeement MDA972-9S-3..000S 
between tbe Government and tbe CODSOI'tium. 

D. Lower Tier Aareements 

The Consortium sbaU include Ibis Article. suitably modified to identify tbe Patties. in all suboonlnKU or lower tier 
apemeora. regardless of tier. for experimental, dcvelopnental, or resardl wtl't. 

ARTICLE IX: FOREIGN ACCESS TO TECHNOLOGY 

1bis Article sbal1 remain in effect during tbe term of tbe Agreement and tor lbree (3) years thereafter. 

A. Definition 

"'Foreign Firm or Institution" means a t1nn or insdtudoa cqanized. or existing under tbe laws of a country 
other dian the United Scates. its territories, or possessions. 1be lam includes, for purposes of this Agreement. any 
apncy m instrumentality of a foaeip govemmenc; and ftrms, inslibltions or business organizations wbicb are 
owned m subslandally controlled by foaelp governments, firms, insdtudons. or lndividuals • 

.. Know-How" means all infoonalion including. but not limited to discoveries., formulas. materials. 
inventions. pnxessess. ideas. approaches. concepcs. tecbniques. methods. software, proarams. documentation. 
procedures. ftnnware, hardware, tedmical dala, speeific:adons, devk:es. appanuus and macbinea. 

"'Tedmolol)'" means discoveries. innovations. Know-How and inventions. whether patentable or not. 
iocludina computer software. recopized under U.S. law as intellectual creations to which ripts or ownership accrue. 
includlna, but DOt limited to. patents. trade secrets. maskwOib. and copyripts developed under Ibis AgreemeaL 

B. General 

The Parties agree lba1 research rmdings and recbnology devel~ts arising under this Agreement may constitute a 
sipificant enbancement to the national defense, and to tbe economic vitality of tbe Uniled States. Accordinsly, 
access to important technology developments Wlder this Agreement by Foreign Finnl or Insdtudons must be 
carefully conb'Olled. The controls contemplated in this Article are in addidon to. and are not intended 1.0 change or 
supersede, the provisions of the lnte.madonal Tratrte in Arms Repdatioo (22 CFR pL 121 et seq.). tbe DoD 
Industrial Security Reauladon (DoD S220.22-R) and the Departmenl of Commerce Export Regulation (IS CPR pL 
770etseq.) 

C. RestrlctloiUI on Sale or Transfer of Technoloay to Forelan Firms or IMtltutlon• 

1. In order to pomote the natiooal security interests of the United States and to effecmate the policies 
that underlie the reguladons cited above, the procediU'e& stated in subparagraphs C.2, C.3, and C.4 below sball apply 
to any transfer or Technology. For purposes or this paragrapb. a lraDSfer includes a sale of the company. and sales or 
licensing ofTecbnology. Transfers do not include: 
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(b) licenses of software or documenlalioo relared to sales of products or components. cw 
(c) traosfer to foreip subsidiaries of the Consortium participants for purposes relaled to this 

A~ or transfer wbicb provides access ro Technology to a Foreip Firm or Institution whicb is an 
approved source of supply or source for tbe conduct of research UDder 'Ibis AgreemeDI povided that sucb 
b311Sler sball be limiled to dial necessary to allow tbe finn or institutioa to perform its approved role under 
this AgrcemenL 

2. Tbe Coasortium sball provide timely DOdce to ARPA of any proposed transfers frcm tbe 
Consortium ofTeclmoloay dewloped UDder this Apeement 10 Fareip Firma or lnstitutionl. If ARPA detennioea 
tbat tbe transfer may baw adverse c:oasequenc::es to tbe national seeuricy interesll of tbe United Staaa, tbe 
Coasmium, ill vendan, aDd ARPA sball joindy endeawr to find alternadva to tbe proposed ltaDSfer whicb obviate 
or mitipre potential adverse coaaequeoces of dle transfer but which provide subslanlially equivalent benet1tl to tbe 
Consortium. 

3. In any event, tbe Coasortium sball provide wriueo notice to tbe ARPA Propam Manager and 
Apeemenll AdmlnistraUlr or any proposed cransfer to a foreign film or institution at least sixty (60) calendar days 
prior to tbe proposed date of lraDSfer. Sudl notice sball cite tbis Article and shall state spedfically what is ro be 
llaDSferred and tbe general tmns oftbe transfer. Wilbin thirty (30) calendar days of receipt of tbe Consatium's 
written notificatiODy tbe ARPA Agn:ements Administrator sball advise tbe Cooscrtium whether it coosenll to the 
proposed lraDSfer. In cases wbcre ARPA does not concur or sixty (60) calendar days after receipt and ARPA provides 
no decision, the Consortium may utilize tbe procedures under Article VI, Disputes. No uansfer shall take place until 
a decision is rendered. 

4. Except as provided iD subparagraph C.l above and in tbe event tbe lraDSfer of Tedlnology to 
Foreign Fums or lnstitutiooa is approved by ARPA. the Consortium shall. prior to aoy transfer of Tedlnology, 
negodate a license witb tbe Govc:nuneoa to tbe Tec:bnology beinJ transferred under terms tbat are reasonable UDder 
the cin:umstanccl. 

D • Lower Tier Agreements 

'Ibe Consordum sball indude this Article, suitably modified. to identify lbe Patties, in all subcontracll or lower tier 
aareemeuts. reprdlesl of tier. for experimental. developnental. or research work. 

ARTICLE X: OFFICIALS NOT TO BENEFIT 

No member of Congress sball be admitted to any share or part of any contract or agreement made, entered into, or 
accepted by or on bebaJC of tbe United States. or ro any benefit to arise thereupon. 

ARTICLE XI: CIVIL RIGHTS ACT 

This Agreement is subject to tbe compliance requiremenll of Title VI of tbe Civil Rights Act of 1964 as amended 
(42 U.S.C. 2000-d) relating to nondiscrimination in Federally assisted programs. Eacb Consortium participant 
entity bas signed an Assurance of Compliance wilb tbe nondiscriminatory provisions of the Act. The Parties 
recognize that since tbe Consortium bas no employees, that compliance is tbe responsibility of eacb participanL 
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In tbe event of any iiK:onsisfeDC)' between tbe terms ot this Agreement and language set fortb in fhe Consortium's 
Articles of Collaboration,. lbe iDcoasisteacy sbaU be resolved by givms pm:edence in the following order: (1) Tbe 
Ap-eement. (2) Auadunents ro tbe Agreement. (3) Coosordum Articles of CollabcnDon. 

ARTICLE XW: EXECUTION 

This Aareement constitutes the entire agmement of the Parties and supersedes aU prior and c::ontemporaneoua 
ap:ements,. understandings., negodadons and discussions among lbe Parties, w.betbcr oral or written, with respect to 
the subject rnaner bereof. This Apecmeot may be revised ooly by written consent of tbe CEC and ARPA 
Aareemenu Administrarot. This Aareement. or modif"JCalims thereto, may be executed in COIIlllapadS each of 
which sba1l be deemed as original, but all of which taken together sball constitute one and cbe same instrument 
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BLUE BAND CONSOR"rlUM STATEMENT OF WORK 

INTRODUCTION 

The BLUE BAND Consortium Ia composed of two industrial optoelectronic component 
manufacturers, Hewlett Packard and SOL, Inc., a major optoelectronic systema manufacturer, 
Xerox, two manufacturers of semiconcfuctor substrates, AXT and Advanced Technology Materials, 
Inc., and two universities, The University of Texas at Austin and Boston University. 

The goal of the BLUE BAND Consortium is the rapid commercialization of optoelectronic 
components operating in the green, blue, and ultraviolet portion of the optical spectrum. 
To realize this goal, the Consortium is divided into three efforts: (1) a highly integrated 
development of core growth technologies; (2) identifiCation and development of key substrate 
technologies; and (3) cutting-edge materials growth research performed at university 
facilities. 

The integrated growth and characterization effort is the centerpiece of the Consortium. Within 
the growth effort, the three optoelectronic houses freely share all MOCVD {Metal-organic 

· Chemical Vapor Deposition) information. In regular technical meetings, the critical MOCVD 
growth problema will be cf!scussed and multiple technical approaches will be identified. These 
potential solutiona will then be divided and assigned to individual institutions, thus permitting 
the parallel examination of multiple pathways without ·duplication of effort. With this 
approach, the central problema of nitride materials growth will be rapidly solved. 

Substrate issues will be addressed primarily by the substrate vendors and the universities. The 
clear advantage provided by the consortium is the ability of the Consortium to (1) aid in the 
characterization of the various substrates, and (2) to provide the substrate vendors with a 
critical link with MOCVO growth technology. The Consortium therefore provides the substrate 
vendors with substantial information concerning the performance of their substrates in actual 
growth situations. 

Industrial institutions generally cannot address very high risk technologies. Therefore, this 
Consortium includes university efforts addressing molecular beam epitaxy {MBE) and MOCVD 
growth technologies. Although the universities are less closely linked to the main MOCVO effort, 
this independence is considered a valuable asset in that it substantially broadens the Consortium 
effort. 

Contained within this document are the overall Statement of Work for the entire Consortium, 
including the downselect process for substrate manufacturers prior to the second year effort, 
and individual statements of work from each Member. 
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BLUE BAND CONSORTIUM SOW I TASKS 

The BLUE BAND Consortium will develop key technologies for the commercialization of GaN and 
related materials. The development of these core technologies will be used to launch an 
aggressive LED (Ught Emitting Diode) commercialization program and a demonstration 
program for the first blue semiconductor laser based upon the III.V nitrides. At the conclusion 
of the program, demonstrations of commercially viable LEOs and prototype laser diodes will be 
achieved. The goal specifications for the LED demonstrations are >4% external quantum 
effiCiency with an emitted power >4 mW for devices emitting In the wavelength range of 480 to 
570 nm. The goal specifications for the laser diode demonstrations are continuous wave 
operation of a pin laser diode emitting at a wavelength shorter than 500 nm. 

1 • The development of high-quality, low-defect density GaN and related alloys. 

• Optimization of MOCVD parameters to achieve high-quality buffer layers. 
· • Optimization of MOCVD parameters for high-quality epitaxial GaN layers. 
• Characterization of nitride films: characterization techniques include TEM, AFM, 
X-ray diffraction, SEM, optical transmission, photoluminescence and photopumping. 

2. The development of low-defect density heterojunctions. 

• Optimization of MOCVD parameters for ternary AIGaN alloys. 
• Optimization of MOCVO parameters for ternary lnGaN alloys. 
• Optimization of MOCVD parameters for quaternary AIGalnN alloys. 
• Characterization of nitride heterojunctions. Analysis will include electronic 
measurements, TEM, and X-ray diffraction. 
• Modelling of nitride heterojunctions. The theoretical effort will address topics such 
as band-edge offsets and strain-related effects. 

3. The development of n-and p-type GaN and related alloys. The development of low· 
resistance contact technologies for these alloys. 

• Modeling of atomic and electronic structure, formation energies for native defects, 
doping and compensation. 
• Calculation of formation energy, solubility, and doping efficiency of p-type dopants 
(Mg, C, and Zn) in GaN. 
• Controllable n·type doping. 
• Controllable p-type doping. 
• Ohmic contacts to n-type GaN 
• Ohmic contacts to p-type GaN 
• Electronic characterization of doped GaN and related alloys. T echniquea include 
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variable-temperature Hal measurements, variable-temperature DL TS, optical DL TS, 
SIMS, C..V and 1-V measurements. 
• Demonstrations of pin homojunctions and heterojunctions. 

4. Advanced substrate identification and development 

• Hybrid GaN substrate development. 
• Bulk GaN substrate development. 
• Evaluation of existing commercially available substrates. 

5. Fabrication technology development 

• Wet etching techniques. 
• Dry etching techniques. 

6. LED fabrication and characterization. 

• Optimization of LED epitaxial design. 
• Wafer dicing development 
• Die attach, die bonding and encapsulation technique development. 
• Characterization of LED technology including LED 1-V and LOP behavior, radiation 
patterns, and reliability. 

7. Laser diode fabrication and characterization. 

• Development of facet formation techniques. 
• Optimize epitaxial layers for laser diode operation. 
• Laser die attach and die bonding technique development. 
• Characterization of the optical properties of the AIGalnN material system. 
• Characterization of AIGalnN laser diode structures under optical and electrical 
excitation. 
• Fabrication of the laser program demonstrations. 

8. Preparation of the Final Report. 

DOWN-SELECT PROCESS I PROCEDURE FOR SUBSTRATE VENDORS 

The BLUE BAND program is structured such that at the end of the first program year, the 
Consortium will decide to fund either AXT or ATMI through the second program year. If both 
vendors show promising results. reasonable efforts will be given by the Consortium Members 
to find additional resources to permit both substrate vendors to proceed through the second year. 
In any event, ARPA is not obligated to provide additional funds. 
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1 • The three primary members of the consortium, HP, XEROX, and SOL, will decide to 
fund either AXT or A TMI for the second year of the Blue Band Agreement The decision 
will be reached by consensus. 

2. The substrate vendors will present to the consortium the results of the first year 
research at the end of the first year. Within 10 working days of the meeting, the 
Consortium will inform ARPA, AXT and ATMI of the funding decision reached by 
the Primary Consortium Members. 

3. The ARPA program manager shall be present throughout the subtrate selection process. 

4. The Blue Band Consortium will deliver a written report describing the decision to ARPA. 

s. Neither the Consortium nor ARPA will be financially liable beyond the first year funding 
to the vendor not selected for participation through the second year. 

1. AXT and ATMI wiU provide to the BLUE BAND Con~Klrtium examples of substrate technical 
progress at the end of the third quarter of the program. The samples should have 
surfaces suitable for MOCVD growth. 

1 a. The Consortium will characterize the sample substrates provided by AXT and 
ATMI. 

1 b. The Consortium will grow epitaxial layers of GaN on the sample substrates 
and characterize the epitaxial layers. 

2. During the meeting at the end of year one, AXT and ATMI will present data addressing 
these points: 

2a. The current technical progress in the program. 
2b. An estimate of the substrate quality achievable under continued funding. 
2c. The path to the realization of commercially available substrates, including 

• information on size, both currant and anticipated, 
• estimates of substrate pricing, and 
• substrate delivery estimates. 

3. Following the presentations of AXT and ATMI, the results of the Consortium analysis of 
the AXT and ATMI substrates, and GaN epi growth upon these substrates will be 
presented. The Consortium will also present technical and commercial information of 
devices produced using current substrate technologies to determine the commercial 
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impact, through improving or enabling device performance, of the substrate 
technologies under development at AXT and ATMI. 

4 . The successful substrate technology will be selected on the basis of the Consortium 
determination, taking all foregoing analyses into account, as to which substrate 
technology will best enable or improve the performance of devices constructed on 
currently available substrates. 

INDIVIDUAL CONSORTIUM MEMBERS' SOW I TASKS 

HEWLETT-PACKARD 

HP will work with team members and develop nitride MOCVD growth technology employing and 
EMCORE, vertical flow, high volume production reactors. Using the films grown by the team 
members, HP will develop wafer fabrication, die fabrication, and packaging technologies for 
LEOs. The LEOs will be characterized for (i) light output and emission wavelength spectra as a 
function of forward current, (ii) forward and reverse voltage behavior, and (iii) long-term 
reliability under a variety of stress conditions. Low-cost production techniques will be 
investigated to establish manufacturability. and high-volume manufacturing will be initiated. 
Prototype lamps will be supplied both to ARPA and potential users for commercial evaluation. 

HP TASKS 

HP.1 In collaboration with team members, develop nitride MOCVD growth technology using an 
EMCORE, vertical flow, high volume production reactor. 

• Install and accept the reactor for nitride MOCVO growth. 
• Perform parametric studies of the growth process and establish relations between 
growth parameters and materials properties. 
• Develop buffer layer growth processes for both sapphire and SiC substrates. 
• Develop n- and p-doped, single layer, binary composition growth processes. 
• Develop processes for growth of p/n homojunctions in binary composition layers. 
• Develop processes for growth of multilayer& of n- and p-doped heterostructure&. 
• Develop processes for growth of p/n junction, double-heterostructure devices 
• Provide epitaxial layers to Xerox PARC on an ongoing basis to provide for material 
characterization studies. 

HP.2 In collaboration with team members, develop routine characterization techniques for 
rapid feedback of information critical to the epi growth team. 

• Establish PL characterization capability for both single point and wafer scanning. 
• Establish C-V and Hall effect measurement capability. 
• Optimize X-ray rocking curve measurement capability. 
• Develop a rapid turn-around LEO device process for epi evaluation. 
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HP.3 Examine various device designs aimed at giving the desired emitted light wavelength 
and maximize the light output. Develop wafer and die fabrication processes suitable 
for the processing of nitride epi wafers into LEOs. Device goals are >4% external 
quantum efficiency with an emitted power >4 mW for a device emitting in the wavelength 
range of 480 nm to 570 nm. 

• Investigate various epitaxial layer designs (number of layers, compositiona, 
thicknesses and doping levels) which provide carrier confinement. minimize current 
crowding, and optimize light emission efficiency at specific wavelengths. 
• Develop metal contacting schemes to provide ohmic contacts to both n- and p-type 
nitride-based materials. 
• Develop dry andlor wet etching processes for defining contact areas and/or chip 
shaping. 
• Develop wafer dicing processes to give damag•free, regular shaped chips. 
• Develop suitable dte attach, die bonding and encapsulation processes for producing 
packaged nitride LEOS. 

HP.4 Fully characterize packaged LED lamps with respect to their electrical and optical 
properties, and determine their long-term reliability. 

• Determine LED I·V and LOP (light output) behavior under a variety of temperature 
and drive conditions. 
• Determine operating lifetimes under a variety of stresa conditions including high 
temperature (SSoC), high humidity (85%)/high temperature (SSOC), and low 
temperature (·300C). 
• Determine the radiation patterns for standard lamp packed devices. 

HP.S Initiate high volume manufacturing and Investigate low-cost production technology. 

• Examine multiwafer epi growth of double-heterostructure devices. 
• Investigate run-to-run and wafer-to-wafer layer uniformity - thickness, 
composition, doping •• and device performance uniformity - Vr (forward voltage), 
and LOP, and ld {dominant wavelength). 

HP.6 In collaboration with team members, prepare Final Report for submission to ARPA. 

SPL. INC. 

SOL will work with other team members to develop semiconductor laser diodes operating in the 
blue and ultraviolet portions of the optical spectrum. SOL will contribute growth technology, 
developed using custom low-pressure MOCVD reactors, to aid in the rapid development of GaN 
and related materials. Using the epitaxial layers developed by SOL and other team membera, 
SOL will develop processing techniques applicable to semiconductor injection lasers, including 
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contact technology, facet formation techniques, and chip-shaping techniques. The prototype 
laser diodes will be delivered to ARPA. At the conclusion of the agreement, it is the goal of SOL 
to be in a position to begin to examine issues of commercialization, including output power 
capablity, spectral characteristics, modulation characteristics, and reliability. 

SOL TASKS 

SDL.1 In collaboration with team members, develop nitride MOCVD growth technology 
using custom SOL reactors. 

• To facilitate material studies and characterization efforts, SOL will provide MOCVO 
nitride material to Xerox as an ongoing task. 
• Perform parametric studies of the growth process and establish relations between 
growth parameters and materials properties. 
• Develop buffer layer growth processes for both sapphire and SiC substrates. 
• Develop n- and p-doped, single layer, binary composition growth processes for both 
sapphire and SiC substrates. 
• Develop processes for growth of p/n heterojunctions 

SOL.2 In collaboration with team members, develop routine characterization techniques for 
rapid feedback of information critical to the epi growth team. 

• Establish PL and photopumping capability. 
• Establish C-V and Hall effect measurement capability. 
• Establish high-resolution X-ray rocking curve measurement capability 

SOL.3 Examine processing techniques ·unique to laser diode fabrication. 

• Develop facet fabrication techniques, either cleavage, etching, or polishing. 
• Develop metal contacting schemes to provide Ohmic contacts to both n- and p-type 
nitride-based materials. 
• Develop dry and/or wet etching processes for defining contact areas and/or chip 
shaping. 
• Develop die separation techniques. 
• Develop die match and wire bonding techniques. 

SOL.4 Fabricate and characterize short-wavelength laser diodes. 

• Fabricate and characterize LEOs as a material diagnostic. 
• Fabricate and characterize single-mode ridge-waveguides to determine the optical 
properties of the AIGalnN material system. 
• Photopump AIGalnN heterostructures. 
• Fabricate and test AIGalnN heterostructure laser diodes under pulsed excitation. 
• Fabricate and test AIGalnN heterostructure laser diodes under CW excitation. 
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SOLS tn collaboration with team members, prepare Ftnal Report for submission to ARPA. 

XEROX PABC (Palo Alto Research Center) 

Xerox PARC, in collaboration with the team members, wilt work towards the realization of 
optoelectronic devices based upon the 111-V nitrides. The three general objectives of the work to 
be performed at Xerox PARC in support of the BLUE BAND effort are: (1) to provide timely 
feedback information on the properties of 111-V nitride layers to assist other team members in 
optimizing growth conditions, (2) to contribute to the determination of kay materials 
parameters and processing strategies for fabricating optoelectronic devices, and (3) to 
contribute to the fundamental understanding of these materials. These objectives will be 
pursued in close coordination with the other team members. 

Within each quarter, Xerox will pursue studies to aid the experimental growth effort. The 
mechanism designed to aid this interaction is a steady flow of materials, from all other members 
of the team, to Xerox, with information flowing back to the Consortium concerning the 
properties of these samples. In each quarter. materials characterization will be provided on a 
minimum of four specimens of GaN or related materials. For each specimen, results will be 
provided from a minimum of one of the following experimental techniques: TEM, SIMS, X-ray 
diffraction, PL. Hall effect, CV, IV, or DL TS. 

XEROX TASKS 

XE.1 Characterization of the electronic and optical properties of GaN and related alloys. 

• The development of Ohmic contacts and Schottky barrier contacts to GaN and 
related materials. 
• C-V and 1-V measurements. 
• Coordinated electrical (C·V, 1-V, DLTS) and optical measurements (PL) to identify 
defect structure in n-typa and p-type GaN. 
• Perform experiments to determine the acceptor doping efficiency in doped p-type GaN. 
• Perform variable-temperature Hall measurements on speciments of GaN to obtain 
electron transport parameters (e.g., Hall mobility and electron concentration versus 
temperature). 
• Perform SIMS analysis on GaN and related materials for identification of impurities 
and determination of doping efficiencies. 

XE.2 Characterization of the structural properties of GaN and .related alloys. Included in this 
task are TEM. SEM, AFM and X-ray diffraction studies. 

• Study the GaNIAI203 interface using TEM. 
• Study the GaN/SiC interface using TEM. 
• Study the AIGaN and lnGaN heterostructure system with TEM. 
• Study the effect of high n-type and p-type doping on the crystal structure of GaN. 
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• Study the interaction of dislocations and impurities. 

XE.3 Modelling of the physical properties of GaN and related alloys. 

• Investigate atomic and electronic structure, and formation energies for native defecta 
and describe the role of point defects in doping and compensation. 
• Calculate the formation energy, solubility. and doping efficiency of p-type dopants. 
• Calculate the formation energy, solubility, and doping efficiency of n-type dopants. 
• Enumerate key parameters for the operation and performance of optoelectronic 
devices. 
• Calculate bandoffsets in the AIGalnN materials system. 
• Calculate energetics of hydrogen and hydrogen diffusion in GaN. 

XE.4 In collaboration with team members, prepare Final Report for submission to ARPA. 

AXT believes that the most reliable route to a long-lived, commercially viable semiconductor 
laser based on GaN and related materials is through homoepitaxy on low defect density 
substrates. AXT will team with the Polish Academy of Sciences High Pressure Research Center 
(Unipress) to develop the high pressure solution growth GaN single-crystal technology which 
has been reported by Unipress. Substrate growth will be conducted at Unipreas and preparation 
of substrates for epitaxy will be conducted at AXT. The Unipreu technology i8 similar to 
vertical gradent freeze (VGF) growth of GaAs in Its approach. AXra extensive experience in 
VGF indicates that. using a scaled Unipress technology, GaN substrates which are commercially 
cost effective for optoelectronic applications can be developed. The goal of AXT is the 
development of high quality GaN substrates on the scale of 2.5 em suitable for epitaxial growth 
of high-quality optoelectronic devices. · 

AXT TASKS 

AXT.1 In collaboration with UNIPRESS, AXT will develop growth reactors capable of 
synthesizing 2.5 em scale GaN substrates suitable for epitaxial growth. 

• Complete a transfer of growth information from UNIPRESS. 
• Develop growth criteria to enable substrate production of commercially viable size. 
• Design and construct a growth reactor capable of producing 2.6 em GaN substrates. 

AXT.2 In collaboration with the team members, AXT will develop high crystallinity GaN 
substrates suitable for the production of high-performance optoelectronic devices. 

• As an ongoing subatate evaluation, AXT will deliver to the Consortium GaN substrates 
of varying size for evaluation and epitaxial growth. 
• Develop manufacturing processes to produce epl-ready substrates; surface 
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preparation. cleaning, orientation are included in this task. 

AXT.3 AXT will present a presentation summarizing first year research and the second year 
program to the CEC and ARPA at the end of year one. 

AXT.4 In collaboration with team members, prepare Final Report for submission to ARPA. 

ADVANCED TECHNOLOGY MATERIALS. INC. (AIMI) 

ATMI, in partnership with other team members, wiU develop GaN substrate materials using 
a Mftybrid• growth technique. ·rhe substrates developed using this method will be of large 
size, have good crystaiHnity and will be fully compatlble with the MOCVD approaches of the 
target Consortium. In addition, the surface finish and other preparation techniques of these 
large area substrates wm be studied. ATMI will deliver sample substrates to ARPA and the 
other team members as described in the detailed milestone 

ATMI TASKS 

ATMI.1 Reactor design, fabrication and characterization 

• Design reactors for both Year 1 and Year 2 
• Construction of the improved reactor of Year 2 
• Characterization of the GaN growth reactor, including gas flow, thermal gradients, etc. 

ATMI.2 GaN substrate growth and characterization 

• Characterization of growth rate and morphology 
• Characterization of general crystallinity using X-ray diffraction 
• Surface preparation techniques. 

ATMI.3 In collaboration with team members, prepare Final Report for submission to ARPA. 

BOSTON UNIYEBSITX 

Boston University will usa the unique capabilities of Molecular Beam Epitaxy (MBE) to evaluate 
materials growth issues. The particular focus will be the study of the effect of substrate type 
and quality upon the growth of AIGalnN. Substrates to be evaluated include: 
6H-SiC, ZnO, M·plane sapphire and GaN grown by the Vapor Phase Epitaxy (VPE) method. All 
of these substrates are closely lattice-matched to the AIGalnN system. The first three 
substrates will be obtained from commercial vendors while the GaN substrates are being 
currently developed at Boston University. Substrate preparation and surface cleaning 
procedures will be developed. Characterization of the materials will be carried out in 
collaboration with the Xerox group. 
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BU.1 Boston University will grow VPE GaN on selected substrates 

• Design and construct a hydride VPE reactor. 
• GrowVPEGaN. 
• Deliver samples of the VPE GaN to the consortium. particularly Xerox PARC. for 
evaluation. 

BU.2 Boston University will use MBE growth techniques to evaluate several possible 
substrates for AIGalnN materials growth. 

• Grow and characterize GaN and AIGalnN on 6H-SiC. 
• Grow and characterize GaN and AIGalnN on VPE-grown GaN. 
• Grow and characterize GaN and AIGalnN on ZnO. 
• Grow and characterize GaN and AIGalnN on M-plane sapphire. 

BU.3 Boston University will provide samples of the materials grown in BU.2 to the 
consortium, particularly Xerox PARC. for materials characterization. 

BU.4 Boston University will fabricate optoelectronic devices. including LEOs and 
laser diodes. as a materials characterization tool for the optical and electrical 
properties of materials grown in Task BU.2. 

BU.S In collaboration with team members. prepare Final Report for submission to ARPA. 

UNIVERSITY OF TEXAS AT AUSTIN 

The proposed program will develop practical materials and device technologies for the 
fabrication of high-performance injection electroluminescent devices that will provide high· 
energy visible light emission in the blue spectral region as well as emission in the near 
ultraviolet. These injection-laser and light-emitting-diode (LED) devices will be fabricated 
from wide-bandgap 111-V compound semiconductor epitaxial heterostructure& in the lnAIGaN 
system grown by low-pressure metalorganic chemical vapor deposition (LP-MOCVD). 
Characterization of the physical properties of materials produced at UT will be performed In 
collaboration with Xerox PARC, via coordinated delivery of epitaxial materials to Xerox. 

University of Texas at Austin TASKS 

UT.1 In collaboration with team members. UT-Austin will develop LP-MOCVD growth 
technology for wide-bandgap 111-V nitrides. 

• Initiate growth studies in the existing Emcore UTM reactor system (B reactor). 
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• Study the relationship between growth parameters and the resulting structural, 
optical, electrical, and optoelectronic properties of the epitaxial films. 
• Study novel precursors suitable as MOCVD nitrogen sources. 
• Study the effect of the introduction of molecular nitrogen into the MOCVD gas phase. 
• Establish growth parameters for the initiation of nitride film growth on AI203 and 

SIC substrates. 
• Install and characterize a new Emcore HT MOCVD growth system designed specifically 
for high-temperature growth (C reactor). 
• Develop an understanding of p· and n-type doping in GaN and related alloys. 
• Establish conditions of the growth of p-n junction devices. 
• Develop processes for the growth of heterostructurea, quantum wells. and 
superlatlces. 

UT .2 In collaboration with team members. UT -Austin will develop characterization 
techniques for the wide-bandgap 111-V nitrides. 

• Perform studies of the fundamental optical properties of nitride materials. 
• Study the structural properties and defects of the epitaxial films. 
• Establish capability for the study of the photoluminescence characteristics of these 
materials. 
• Establish the capability to measure the electrical characterization of thin films. 

UT.3 In collaboration with other team members, UT-Austin will design, fabricate, and 
test light-emitting devices, including coherent and incoherent light sources. 

• Evaluate various device designs to provide optical and electrical characteristics 
required for high-performance light-emitting devices. 
• Study the formation of Ohmic contacts to p. and n-type nitride materials. 
• Develop etching techniques for the controlled formation of device structures in 
these materials. 

UT.4 In collaboration with team members, prepare Final Report for submission to ARPA. 
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REPORT REQUIREMENTS 

A. QUARTERLY REPORT 

On <X' befc:n ninety (90) caJendar days after tbe effective dare of tbe Agreement and quarterly 
tbereaftet lbrougbout tbe term of tbe Agreemenl, tbe Consortimn sball submit <X' odlerwise 
provide a quarterly repcn Two (2) copies sball be submitted <X' otbcrwise provided to tbe ARPA 
Prop-am Manasu. and one (1) copy sball be submitted« otberwise provided to tbe ARPA 
Agreement Adminisuator. Tbe report will bave two (2) major sectioDs. 

1. Technical Status Report. Tbe tedmical Slatus IepOrt. will detail fledmical prolfCSI to 
dale and report Ofl an problems, tedmical isaues Qr maj« developments duriDJibe tepOitiDJ 
period. Tbe technic:al status report will include a report on tbe StaiUJ of CODSOrtiuoa 
ooUaboradve activities during tbe reporting period. 

2. Business Status Report. The business status report shaD provide summarized details 
of tbe resource status of this Agreement, including the status of tbe contributions by the 
Consatimn participmts. This report will include a quarterly accounting of current 
expenditures as outlined in the Annual Program Plan. Any major deviations sbalJ be 
explained along with discussions of tbe adjustment actions proposed. 

B. ANNUAL PROGRAM PLAN DOCUMENT 

Tbe Consortium Executive Committee (CEC) shaD submit <X' otherwise provide to tbe ARPA 
Propam Managet one (1) copy of a report whk:b describes the Annual Program Plan as described 
in Article IV. This document shaD be submitted not later tban thirty (30) calendar days following 
lbe Annual Sire Review as desaibed in Article IV. 

C. SPECIAL TECHNICAL REPORTS 

As agreed to by the Consortium and tbe ARPA ProJilUD Manager, the CEC sbaU submit« 
otherwise provide to the ARPA Prognun Manager one (1) copy of special repcxu on signiflc:aat 
events such as significant target accom.pUsbments by Consortium Members, significant tests, 
experiments, or symposia. 

D. PAYABLE MILESTONES REPORTS 

The CEC sbalJ submit or otherwise provide to the ARPA ProJilUD Manager, documentatioo 
desaibing tbe extent of accomplishment of Payable Milestones. This informadoa sball be as 
required by Article IV, and sball be sufficient for the ARPA Prognun Manager to 
reasonably verify the accomplishment of tbe milestone of tbe event in accordance with 
the Statement of Work. 
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(a) The Coasortium Executive Committee (CEC) shall submit or otherwise provide a 
Fmal Report makiDI full disclosure of all major developments by tbe Consortimn within sixty (60) 
calendar days of completion or termination of this AgreemenL With the approval of the ARPA Program 
Manager, repiots of published articles may be attached to the Final Report. Two (2) copies sball be 
submitted or otherwise provided 10 tbe ARPA Program Manager, one (1) copy sbaU be submitted to the 
ARPA Ap:emenl Adminiscraror, and one (1) copy sbaU be submitted or otherwise provided 10 
ARPAJ MTO ( Attll: Assistanl Director for Program ManagemenL One (l) copy sball be submitted to the 
Defense Technical Jnfmnadoa Center (OTIC) addressed to Bldg. S I Cameron Station, Alexandria, VA 
22314. 

(b) The Fmal Report sball be marked with a distribution statementiO denote the extent 
of its availability for distribution, release, and disclosure without additional approvals or aut.borizalions. 
The Final Report sball be marked on the froot page in a conspicuous place with tbe followinl markina: 

"PISTRmtmON STATEMENT B. Distribution authorized 10 U.S. Government agencies 
only to protect infcnnatioa not owned by the U.S. Government and prorected by a 
conttactor's .. limited rights" statement, or received with the understanding that it not be 
routinely transmitted outside tbe U.S. GovemmenL Other requests for this document sball 
be referred to ARPA Security and Intelligence Office." 
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BLUE BAND CONSORTIUM 
SCHEDULE OF PAYMENTS & PAYABLE MILESTONES 

PAYABI.E MII.FSTQNES 

Complete plana I piping for install. of Emcore HT •[)" reactor system. 

AJGaN ftlma grown on A1z()1 substrates In existing Emcore UTM •a• 
system. Deliver aamplea to Xerox. lnatall Sl doping source on •a• 
reactor n begin n- and p-doplng atudles of GaN. 

Eatabllah detailed progr.m plan I IChecfule w/ UNIPRESS (AXT) 

Complete plana I riiCIIItl .. for reactor for GaN growth (A TM) 

lEN) Of! FIRST PAY ABLE MILESTONE PERIOD 

Emcore reactor Installed I operational. Studlea of aupertattice buffer 

laye,. Initiated. Prepare GaN/~1 and GaNISIC laye,. I deliver 

samples to Xerox. Structural Chai"8Ctertzatlon of GaN-Aia01 Interface. 

Initiate atudea of lnGaN growth In •a• reactor 

Metal contacts for n-type GaN films. Deliver GaN w/ n-type lmpuritlea 

to Xerox for materials characterization. Initiate electrical 

characterization of GaN. lnveatlgate native defects In GaN. 

Develop undoped GaN mma on 8H-SIC subatrat .. I Introduce n- and 
p-type dopants. Deliver samples to Xerox. Characterization of reactor 

for GaN growth. Deliver 2nvn scale GaN alngle crystal subatrates 

to the coniOftlum for study. 

END OF SECOND PAYABLE IILESTONE PEFIOD 

Complete iaatalladoa of DeW ~ HT "0" reaca. Demonstrate GIN 

and AlOIN powtb in 0 reactDr. Deliver samplca to Xerox. Scannina Pl. 
operational. Wbolo wafer scaaa of member's GIN available. Structural 

characterization of the GaNJSiC interface. 

AlGaN,OaN beterostruc:twes demonstrated. Deliver aamplca to Xerox. 

Controllable a-type dopin& in GaN demonstrated, with dopina Ieveii 
between 2xl017 and 5 x 1011 c:m·3• Electrical characterization of donor-

doped n-type GaN. Calculate properties of p-type dopanta (Mg I Zn) 

In GaN. Deliver GaN with p-type Impurities to Xerox for materials 

characterization. 
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ARPA Couortium 
PAYMENT PAYMENT 

$173,000 $173,000 

$40,000 $40,000 

$181,000 $121,000 

$10,000 $10,000 

$227,000 $162,000 

$110,000 $110,000 

$98,000 $14,000 

uo.ooo $70,000 

$182,000 $182,000 
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ARPA CouortiiiJII 

SOil. I. MWtl PAYABLE MJI OOONQ PAJMENl: PAYMENT 

88.4 10 6 Deliver 5mm scale GaN lingle CJYstal subltnates to Consortium for $110,000 $110,000 

epltaxlan growth. Develop GaN substrates by the VPE method. Such 
subltnates wiiJ be grown on ZnO coated sapphire substrates. 

Charactertzadon of GaN on growth. template. 

88.5 11 6 RIE etching of GaN films demonstrated. $40,000 $35,000 

END OF THIRD PAYABLE IILESTONE PERIOD 

88.1 12 g PbotopwnpiDs set-up completed; PL acudica initiated. $10,000 $10,000 

88.2 13 g SIIUc:tural c:hanctcrizatioa of AIGaN laycn. $40,000 $40,000 

88.3 14 g Controllable p-type doping In GaN demonstrated between 1017 and $320,000 $330,000 

1011 cn\1• Demonstration of pin homojuncllon, w/ goal specs. of 

tum-on voltage le .. than 4.5 V and reverse breakdown voltage greater 
than 10 V. Deliver sample to X..ox. Met.t contacts for p-type GaN 

films. Deliver heavily n-doped and p-doped aamples to Xerox for 
material study. Electrical characterization of acceptor-doped GaN. 

Calculate properties ol n-type dopants (SI, 0, C) In GaN. Studies ot 
passivation In nitride films Initiated. Doping demonstrated lor p- and 
n-type GaN In D system. 

88.4 15 g Development of GaN films on single crystalline ZnO substrates. $105,000 $105,000 
DeUver GaN samples for Consortium growth & characterization. 
Deliver 1 em scale GaN single crystal subatrates to Cons. lor eval. 

88.6 16 g First LED chip configuration & processing designed. n- and p-type $50,000 $55,000 
GaN ftlm etching. 

END OF FOURTH PAYABLE MILESTONE PERIOD 

88.1 17 12 Structural characterization of heavily n-doped & p-doped GaN. $30,000 $30,000 

88.2 18 ~2 Heterojunctlon growth lor fundamental band oflset studies. $15,000 $15,000 

88.3 19 12 pin AIGaN/GaN heterojuncllon demonstrated. Performance $138,000 $330,000 
parameters to be characterized Include 1-V, optical power 

measurements, and spectral measurements. Tum-on voltage 

gc)al specification Is less than 4.4 V. Deliver sampiM, Including a 

single heterojunctlon to Xerox. 

88.4 20 12 Complete evaluation of SIC vs. Al203. Develop AXT program plan $81,000 $81,000 
for Phase II. Develop ATMI program plan for second year. 
Development ot GaN films on the M-plane of saphhlre. 

88.6 21 12 GaN LED demonstration. Enumerate materlalllmodellng parameters $30,000 $30,000 
that critically Influence LED operation. 

END OF FIFTH PAYABLE MILESTONE PERIOD 

YEAR ONE TOTALS $2,011,000 $2,140,000 
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ARPA Cauor1ium 

.so!tl .I Mg.[l1b PAYABLE MD.mqNq PAYMENT PAYMENT 

88.2 22 15 Structural chatacterisllcs of AIGaNIGaN heterofunctlons. S225,ooo S185,000 
lnGaN 111m grow1h demonstrated. lnGaNIGaN structures delivered 

to Xerox fot stl.ldy. TheoreticaJ investigation of band offsets of 
the AIGalnN material system. 

88.3 23 15 Electronic characterization and Pl study of defects In n-type GaN. S4o,ooo S40,000 

88.4 24 15 IF AXT: Design new reector; or IF A Till: Scal•up of GaN grow1h $200,000 $200,000 
system. Compartaon of GaN devices on aapphlre and SIC aubstretes. 

Develop n-type and p-type AIGalnN on 8H-SIC substrat•. 

88.8 25 15 Bondng 10 ample devices demonstrated. S70,000 S&o,ooo 

88.7 28 15 Development of facet formation technologies, incluclng polishing, $80,000 sao,ooo 
END OF SIXTH PAYABLE MILESTONE PERIOD 

88.1 27 18 Photopumping set-up complete. $20,000 $20,000 

88.2 28 18 Structural characterization of lnGaNIGaN heterojunctlons. Undoped $130,000 $85,000 
and doped lnGaNIGaN double heterostructure films demonstrated. 

88.3 29 18 Electrical characterization and Pl of defects In p-doped GaN and $75,000 $75,000 
calculation of energetics of hydrogen In GaN. 

88.4 30 18 IF AXT: Deliver 1 em scale GaN lingle crystal substrate(s) to $125,000 $125,000 
other Cons. Members. Fabricate new reactor. Development of 

GaN films on the VPE-grown GaN subatretes. IF ATMI: Develop 

GaN films on VPE-grown GaN substrates. Characterization of 
n-type GaN grown at ATMI. 

88.8 31 18 pin lnGaNIGaN heterojunctlon LED demonstrated. Demonstrate, via $140,000 $125,000 
meaaurements of the optical emission spectra, goal In corporation 

level• In excess of 4% (ln0.04GaO.HN) within the lnGaN active 

region. Deliver to Xerox a homogeneous alloy reprnentatlve of an 

LED active region for analysis. AIGai'IUlnGaN heterostructure• and 
LEOS demonstrated. 

88.7 32 18 Fabricate single mode ridgewavegulde with facets and characterize $100,000 $100,000 
END OF SEVENTH PAYABLE MILESTONE PERIOD 

88.2 33 21 Structural characterization of a homogeneous alloy representative $40,000 $40,000 
of a light emitting active region. 

88.3 34 21 Electrical characterization of a homogeneous alloy representative $75,000 $75,000 
of a light emltUng active region and theoretical Investigation of 

hydrogen/Impurity Interaction. 

88.4 35 21 IF AXT: Establish growth conditions for new reactor. $75,000 $75,000 
IF ATMI: Characterization of 2" GaN substrate. 

Development of AIGalnN films on VPE-grown GaN substrates. 
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88.8 38 21 Double heterowuctul'e. packaged LED devlcea demonstrated ~ $160,000 $120,000 
characterized. Goal perfonnance IP8C. Ia M emitted power >4 mW. 

mW. Goal efficiency specification Ia >4% external quantum efficiency. 

88.7 37 21 Demonstrate .AIGalnN rlctgewavegulde heterostructure under photo- $180,000 $180,000 

pumped excitation. Goal pefformance spec. Ia the demonstration of 

stimulated emission. Demonstrate AIGalnN ridgewavegulde pin junction 

under pulsed electrical excitation. Goal apec. Ia the demonstration of 
pulsed laser operation. Optically pump AIGaNIInGaN QW laser structures. 

Optically pump AIGaNIGaN DH laser structure. 

END CW EIGHTH PAYABlE IILESTONE PEFIOD 

88.1 38 24 Structural charac:t.rtzalfon of dislocation& after simulated $30,000 $30,000 

clode operation. 

88.2 3g 24 Calculate formation energiea of selected native defec:ta & dopant $44,000 $44,000 
impurities in AIN and InN. 8ectrlcal characterization of a doped 
AJGaN/GaN single heterojunction. 

89.4 40 24 Development of AIGalnN aU~ on single cryataiUne ZnO aubstratea $50,000 $50,000 
IF AXT: DeUver aubalratea grown in new reactor to Cons. Members. 
IF ATMI: Further substrate development 

98.6 41 24 Characterization of best current LED technology. so $180.000 

89.8 42 24 Demonstration of AIGaJnN rtdgewavegulde pin junction under CW $133,000 $133,000 
electrical excitation. Goal apec. is CW laser action with an emission 
wavelength In the blue portion of the electromagnetic spectrum. 

Characterization of AIGaN/InGaN QW diode laser atructur ... 

98.7 43 24 Completion ol Final Report. $58,000 $58,000 
END OF NINTH PAYABLE MILESTONE PERIOD 

YEAR TWO TOTALS $2,0U,OOO $2,011,000 

PAYMENT TOTALS FOR THE AGREEMENT $4,131,000 $4,221,000 
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FUNDING PROFILE 

A. CONSORTIUM MEMBER CONTRIBUTIONS 

Member 

Hewlett-Packard 
SDL 
XeroxPARC 
University of Texas at Austin 
Boston University 
AXT (year one) 
A TMI (year one) 
AXT or ATMI (year two) 

TOTAL 

Cgntribution 

$1,117.000 
s 979,000 
s 846,000 
s 446,000 
s 280,000 
s 140,000 
s 140,000 
s 280,000 

$4,228,000 

B . PROJECTED PROGRAM FUNDING COMMITMENTS* 

ARPA Consortium 
Payments Cgntributign 

FY9S $1,269,000 $1,114,000 
FY96 $2,024,000 $2,131,000 
FY97 s 843,000 $ 983,000 

TOTAL $4,136,000 $4,228,000 

• The ARPA "Payments" and Consortium "Contributions'' listed here 
co~ide with the projected schedule for actually accomplishing the 
Payable Milestones. In terms ofFlSCal Year Appropriated Funds, 
the Government's cost-share is from FY94 Appropnated Funds. 
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Abstract 
SOL, HP, Xerox, the University of Texas at Austin, Boston University, American Xtal 
Technology and Advanced Technology Materials, Inc., have formed a strategic consortium 
to develop and commercialize optoelectronics based upon the nitride alloys. This proposal 
describes the prior art achieved within the consortium and outlines a research and 
development program to achieve high performance nitride-based LEOs and laser diodes 
operating in the visible and ultra-violet portions of the electromagnetic spectrum. 

I. Executive Summary 
SOL, Hewlett Packard (HP), Xerox, the University of Texas at Austin (UT), Boston 
University, Advanced Technology Materials, Inc. (A TMI), and American Xtal Technology 
(AXT) have teamed together to develop nitride materials for the demonstration of visible 
LEOs and laser diodes from the near ultra-violet (UV) to the yellow regions of the spectra. 
This proposal is in response to ARPA solicitation 94-30, addressing the development of 
large area, wide-bandgap bulk and epitaxial materials for heterostructures useful in 
optoelectronics. The proposed program is unique in that: i) the partners have demonstrated 
the highest quality GaN material made to date, ii) the partners represent the largest 
commercial manufacturers of optoelectronics in the United States, iii) the partners have 
successfully fabricated LED's in GaN materials, iv) the program is the only combination of 
all technologies required to produce and commercialize LEOs and laser diodes, and v) the 
consortium has unique systems expertise to allow the immediate integration of the devices 
into commercial systems. The attributes of the team are discussed below. 

The consortium has demonstrated the highest crystalline quality GaN 
materials. GaN material quality is best measured via X-ray full width at half 
maximum (FWHM). SOL has grown GaN with a FWHM of 27 seconds. UT has 
demonstrated GaN films grown on sapphire with FWHM of 38 seconds. The 
demonstration of 27 seconds FWHM is the narrowest reported X-ray and 
represents the world's highest quality GaN. The materials grown by the UT and 
SOL are the only demonstration of fully planar growth and single crystal growth of 
GaN films. The background carrier concentration of GaN grown at SOL is 
2x1Q1Sfcm3, the lowest demonstrated by MOCVD. Both p- and n-type conductivity 
has been observed in SOL and BU material. 
The consortium members represent world leaders in the field of 
crystal arowth, materials characterization and device fabrication. All 
five team members have demonstrated their expertise in developing the highest 
quality materials in their respective areas; HP in the fabrication of high brightness 
LED materials, SOL in the development of high power laser diode materials, UT in 
the development of advanced materials, Xerox in the development of 
characterization and processing of semiconductor materials and A TMI and AXT in 
the fabrication of high quality substrate materials. BU is an expert in MBE growth 
and processing of GaN and has achieved a deep-blue GaN injection LED. 
HP and SDL represent the largest commercial optoelectronics 
manufacturers in the United States. The key to any program intended to 
leverage both military and commercial markets is the development of technology in 
organizations that have demonstrated sustained manufacturing capabilities. In the 
area of optoelectronics there are no companies, even in Japan, that surpass the 
commercial impact of either HP or SOL in their respective market areas. HP is the 
world's largest dollar volume manufacturer of visible LEOs and is the single largest 
optoelectronics manufacturer in the U.S. SOL is the world's largest dollar volume 
commercial manufacturer of laser diodes and is the largest volume commercial 
manufacturer of laser diodes in the U.S .. SOL has been chosen as the company 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 
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with the greatest impact on the optoelettronics market over the past five years by 
Laser Focus World. fhe incorporAtion of these two program members into the 
consortium insure the rapid introduction of components into both military and 
commercial systems. In addition, HP and Xerox are two of the largest 
manufacturers of optoelectronic systems. The systems businesses of Xerox and HP 
will provide strong internal markets for this technology . 
Corporate Commitment: HP is committed to the proposed program as a result 
of strategic alliances with other members. Their corporate commitment to GaN 
materials development exceeds $10M over the next several years. SOL, in 
anticipation of the success of the program has begun negotiations with leaders in the 
data storage to manufacture and supply high volume laser diode products. Both 
SOL and HP are firmly committed to the rapid introduction of high-bandgap 
optoelectronics. 

The program is designed to address the crystal growth of GaN and related films by 
MOCVD, the studies of growth on and fabrication of appropriate substrate materials, the 
processes required for high quality buffer layers, and materials characterization to 
understand the crystallographic, electronic and optical properties of GaN alloys. Efficient 
LED demonstration will be made within the first year with the subsequent demonstration of 
laser diodes occurring towards the end of the second year. Although devices are the 
program goal, the technical emphasis will be the development of high quality GaN-based 
materials. The program will address the following issues in the development of GaN-based 
visible emitters. · 

Sln&Je crystal arowth of GaN. The consortium will leverage the existing 
expertise of UT and SOL in the growth of high quality fllms to demonstrate single 
crystal low dislocation density GaN materials. Emphasis will be placed on the 
development of low dislocation epitaxy. The growth will be investigated in 
MOCVD reactors at SOL, HP and UT with characterization performed at Xerox. 
Substrate fabrication and definition. Critical to the successful growth of 
GaN fllms is the fabrication of appropriate substrates. GaN LEDs are currently 
grown on sapphire substrates. For higher performance devices, the program will 
develop advanced substrates. AXT will develop bulk GaN growth and A TMI will 
develop GaN substrates grown by vapor phase epitaxy (VPE) on sacrificial 
substrates. Boston University will evaluate the growth of GaN fllms on existing 
and developmental substrate materials including sapphire, ZnO, SiC, and hybrid 
substrates (i.e. VPE grown GaN substrates), and bulk GaN. 
Advanced materials development. The demonstration of visible emitters in the 
blue-green portions of the spectrum from band-to-band transitions requires the 
fabrication of low stress, low bandgap films. Due to critical thickness issues in the 
growth of InGaN materials the band-to-band recombination may be limited to high 
energy emission. As part of this program the consortium will develop both GaAsN 
and InGaN materials as the active regions of blue/green emitters. SOL has 
pioneered the development of GaAsN materials. 
Device development. The program goals are to demonstrate both LEOs and 
laser diodes in the visible spectrum. The development of LED technology will occur 
first due to the high quality of existing GaN films grown by the consortium 
members. The final goal of the program is to demonstrate a laser diode operating at 
room temperature. 
Modeling and calculations of electronic properties. Xerox will develop 
theoretical bandstructure models to study the material characteristics including band 
alignment, doping properties, transition strengths and gain. 
Business plan. The industrial members have strong motivation to rapidly 
commercialize the advances of the program. The consortium is active in pursuing 

Use or disclosure of the information contained on this sheet is subject to lhe restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 
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the market introduction of advanced laser diodes, LEDs, opto-electronic systems, 
and advanced substrate materials. 

The program is proposed as the core research effort to be partially funded by ARPA. The 
corporate members are committed to developing viable GaN-based emitting devices and 
view the consortium as providing the critical mass necessary for success. Without ARPA 
funding , materials and device development will be considerably slower, a narrower range 
of parameter space will be investigated and there will be substantial duplication of effort 
and unneeded expenditures of funds. In conclusion, this proposal represents a teaming of 
the industry leaders in optoelectronic devices for the development of GaN-based materials. 
In addition the corporate members are heavily investing in this technology and view this 
consortium as a mechanism to insure rapid technology development for commercial 
introduction. The team members have demonstrated the greatest impact on the US based 
optoelectronic markets, the highest quality GaN ftlms grown and the development of high 
quality substrate materials. This consortium represents a unique coupling of the technical ' \ 
and market leaders in visible emitter technology, thus insuring a successful demonstration 
and commercialization of visible semiconductor devices. 

II. Technical Approach 
Due to the high bond strength, large bandgap energies and ~resent quality of materials, 
nitride alloys have been chosen as the preferred materials for vtsible optoelectronic devices. 
The majority of commercially based optoelectronic companies have concentrated their 
efforts on the development of GaN films for both LEDs and laser diodes. Recent 
demonstrations by Nichia Chemical of GaN based LEDs has spawned a number of 
concentrated research efforts in this area including efforts at SDL, HP, Xerox, and the 
University of Texas at Austin. Although the current LED demonstrations have been 
encouraging, the reliability of such devices are insufficient for most commercial 
applications. As a result the consortium members have begun significant efforts in the areas 
of GaN based visible optoelectronics. In particular HP has initiated an internally funded 
program at greater than $1OM over the next several years for the development of GaN 
based LEOs. SDL has initiated negotiations with data storage corporations for the strategic 
development of blue laser sources. Although the development of the GaN is being actively 
pursued by the consortium members with internal funding the proposed program is highly 
strategic joining the individual expertise in a strategic direction that would not otherwise 
exist. Not only are the team members committed to GaN materials, they are the industry 
leaders and are the best avenue for successful commercialization of nitride technologies. 
To achieve the goals of the program the program is designed to address the technical issues 
including the development of efficient active regions that utilize direct band-to-band 
emission, the development of dislocation-free quaternary AlGalnN materials, the 
development of appropriate substrate technologies, and device process technology 
development. 
The technical approach to these issues is divided into four areas: 

•MOCVD growth techniques. 
•Substrate technologies. 
• Materials characterization. 
• Device fabrication and development. 

The goal at the end of the program is to demonstrate both high brightness LEDs and CW 
room temperature laser diodes. 
11.1 Materials Growth 
The MOCVD epitaxial growth process as pioneered by Dupuis and co-workers has been 
applied to a wide variety of important III-V, II-VI, IV-VI and II-IV-V compound 
semiconductors. MOCVD is in world-wide use for the commercial production of 
compound semiconductor optoelectronic and electronic devices. Because of the commercial 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consonium. 
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suitability of MOCVD crystal growth to larse area production, the primary emphasis of the 
program will be the investigation of MOC\!D based GaN materials. 
Currently, the highest quality nitride materials are grown at SDL, Inc. and the University of 
Texas at Austin. The material crystallinity of these materials, as measured by surface 
morphology, high-resolution transmission electron microscopy, high-resolution reciprocal
space x-ray diffraction mapping, and background carrier concentration, is substantially 
superior to any other material yet discussed in the literature or through the nitride bulletin 
board. The current state-of-the-art in GaN growth, at either SDL or UT, produces material 
with the following characteristics: 

• X-ray rocking curve full-width at half-maximum (FWHM) of 27 
seconds, external to the consortium, the best value ls 85 seconds. 

•Smooth epitaxial films, with full planarity achieved immediately. 

• Low dislocation materials, with dislocation densities 1000 times 
lower than GaN grown by Nichla. 

•Extremely low, n-2 x 1015 cm·3, background carrier concentrations 
In undoped GaN materials. 

These material advances lie along a critical path to the fabrication of reliable semiconductor 
devices, and will significantly improve the device performance as demonstrated by the 
Nichia Chemical Co. As will be discussed in detail within this proposal, the LED lamp of 
Nichia, although exciting, has several difficulties. A primary difficulty is a relatively short 
lifetime, with degradation observable almost immediately. The second difficulty with the 
current LED is that the optical recombination mechanism is based upon donor-acceptor 
recombination. For both LED operation with good color saturation and for any laser diode, 
a spectrally narrow recombination mechanism is required, i.e., an active region typified by 
direct band-to-band recombination. Finally, the compositions used in the Nichia diode span 
a limited range of the AlGalnN alloy composition range. 
The role of dislocations in optical recombination processes in the nitride alloys is an 
ongoing research topic within the consortium. It is obvious that dislocations are less 
harmful to the operation of nitride devices than in comparable arsenide or phosphide 
devices, however, it is believed that dislocations still impair device performance. 
Dislocations may impair operation in the following ways: i) non-radiative recombination at 
or near dislocations, ii) gettering of impurities during the actual growth process, iii) 
impeding carrier motion. 
Dislocation-free materials will be developed by pursuing growth strategies where (1) buffer 
layers and other epitaxially strategies produce a starting nitride layer free of dislocations and 
(2) all of the subsequent epitaxial layers are grown with a single lattice constant that 
matches the "seed" nitride layer. This epitaxial growth strategy uses quaternary layer 
structures to achieve this lattice matching. Thus, quaternary layer development is included 
within this proposal·. 
The achievement of dislocation-free structures will also be aided by the development of 
alternate substrate which more closely match the lattice spacing and thermal coefficients of 
expansion of the nitride alloys. These substrates include ZnO, 6-H SiC, bulk GaN, and 
hybrid substrates fabricated by vapor phase epitaxy. 
To achieve .a spectrally narrow output for the LED lamp and to achieve the optical gain 
required for the semiconductor laser, an active region that is typified by efficient band-to
band optical recombination must be developed. Furthermore, particularly for the LED, the 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the ti.tle page of this 
proposal. This information is proprietary to the consortium. 



I 

'l 
I 
~ 

I 
~ I 
.I 

I 
I 
n 

6 

active regions developed must be capable of operation throughout the green and blue 
portions of the electromagnetic spectrum. 
11.1.1 MOCVD Growth Development 
The recent breakthroughs of the groups at SDL and UT are critical in setting the 
framework for the MOCVD development of this program. There are several critical 
MOCVD technologies to be developed within this program including i) the elimination of 
threading dislocations, ii) the development of lattice-matched quaternary AlGalnN 
materials, and iii) the development of efficient active regions typified by band-to-band 
recombination. 
The epitaxial films for the UT -Austin portion of this program in a new state-of-the-art 
commercial Emcore Model GS3200 LP-MOCVD reactor system. This MOCVD growth 
system will be dedicated entirely to the growth of ill-V nitrides and will be available for the 
growth of LED and laser device structures in this program. The Emcore reactor has a 
capacity for simultaneously growing highly uniform epitaxial films on up to three 2.0 in. 
dia. wafers. A diagram of this system is shown in Fig. 2.1. 

Fla. 2..1 

Hydrogen 

M01 ----+ c:::===i"' 
M02 ----+ .::::::::::::::r~ 

Hyd----+ 

Precursor 
Injection Into 

Growth 
Chamber 

I I I I I 
1111111111111 

''''''"''''" 
Wafers Heated to 

500-1000 oc 

Ferrofluldlc Seal 

Schematic dia1ram of the Emcore GSJlOO LP-MOCVD reactor to be 
used for the low-temperature arowtb of InAIGaN epitaxial films. 

Reactors of this type are widely used throughout the world for the production of AlGaAs
GaAs and InGaAsP-InP low-threshold injection lasers and high-efficiency AllnGaP-InGaP 
LED's, including at various US and Japanese companies, in particular, at HP 
Optoelectronics. The UT -Austin Emcore GS3200 system is similar to the design of the 
larger production-scale Emcore GS3300 system that Hewlett-Packard Optoelectronics 
Division presently has in operation for the growth of ill-V heterostructure materials. These 
larger growth systems employ a 7 in. diameter wafer carrier that can accommodate up to 
seven 2.0 in. diameter wafers. The reactor in use at SDL is a vertical low-pressure reactor 
designed for the commercial laser diode fabrication. The differing reactor designs will be 
compared throughout the program to ascertain the dependence of nitride fllrn quality upon 
specific reactor geometry. In addition, aspects of growth technology unique to the Nichia 
design, such as N2 carrier gas flow, will be examined for efficacy in the program. 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 



I 
. I 

I 
~ I 
: J 

I 
I 
n 

r I 

7 

11.1.2 Visible Active Region Development 
The bandgap of the binary GaN is 3.4 eV, thus, band-to-band recombination from GaN is 
not visible but in the ultra-violet portion of the electromagnetic spectrum. The achievement 
of an UV laser diode is desirable for many applications, however, active regions emitting in 
the blue and green portions of the visible spectrum are absolutely critical for visual 
applications. The emission of GaN may be extended into the visible by: (1) doping of the 
active region with acceptors and donors (Nichia), and (2) the use of an alloy active region, 
i.e., the addition of indium as a substitute for gallium or the addition of arsenic or 
phosphorous as a substitute for nitrogen. The latter approach leads to the formation of 
active regions under biaxial compressive strain . 
The use of donor-acceptor (D-A) recombination to achieve optical emission is less efficient 
than direct band-to-band recombination. Furthermore, the emission exhibits a strong 
saturation effect. In current GaN based LEOs, the D-A recombination saturates at a current 
density of -250 A/cm2, as shown in the Section Vll. Above this current level the emission 
shifts to a band-to-band transition which radiates in the near UV. Consequently, for the 
LED, the light output power saturates at relatively low drive current, thus limiting the 
output power achievable from the LED. In the laser diode, the D-A transition saturation 
prevents any possibility of stimulated emission. Therefore, for higher output power in an 
LED or for the high optical gain required for a semiconductor laser diode, efficient direct 
band-to-band recombination becomes a necessity. 
Strained-layer alloy active regions are in wide use within commercial optoelectronic 
devices, however, the use of strained-layer technology in the fabrication of nitride materials 
is very immature. The active region of the current LED technology employs an InGaN 
active region, grown upon a GaN substrate, however, the indium content of the active 
region is limited to -6%. Incorporation of higher levels of indium will be a focus of the 
research program. In addition. a noyel active reeion is sueeested: a GaAsN strained-layer 
quantum well. 
The literature describes band-bowing effects in the ternary GaNP.l,2 Extensions of this 
work have led to the prediction of large band-bowing parameters in the ternary GaAsN. In 
addition, TEM studies at Xerox of the GaAsN films grown at SDL have shown the 
incorporation of -10% As in the GaN hexagonal matrix. This is sufficient to reduce the 
bandgap of GaN throughout the blue, green, yellow, and amber portions of the visible 
spectrum. The bandgap of GaAsN versus As content is shown in Fig. 2.2 . 

4 4 

-1 

x in GaAst-xNx yin lnt-yGayN 

Fig. :Z.:Z The bandgap of GaAsN and loGaN. 

The principal issues in designing the active region of either LEOs or laser diodes are (1) 
minimizing the bandgap of the active region and (2) maintaining the crystallinity of the 
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active region, i.e., not exceeding the active layer critical thickness. Thus, the bandgap as a 
function of strain is a figure of merit for any active layer alloy. For all values of strain, 
GaAsN has a substantially lower bandgap than InGaN. At a strain of 3%, where the critical 
thickness is -IOOA, the bandgap ofGaAsN is- 2 eV (-600 run, amber) while the bandgap 
of lnGaN is still -3 eV (-410 nm, a barely visible blue). The GaAsN active region is 
capable of extending nitride-based LEDs and laser diodes throughout the visible spectrum. 
11.1.3 Substrate Development 
In all epitaxial growth techniques, the quality of the epitaxial layers is closely tied to the 
crystallinity and thermal matching of the substrate. The ideal substrate for the growth of 
GaN is bulk GaN. However, at this point bulk GaN technology is incapable of offering 
substrates larger than -2 mm in diameter. Furthermore, the issues associated with the 
development of bulk GaN substrates are extremely difficult. Due to the high risk/high 
payoff of the bulk GaN substrate issue, two substrate vendors have been selected to attack 
GaN substrate issue. During the first year, proof-of-concept and scalability will be 
demonstrated. In year two, a single substrate vendor is selected, with an accelerated 
funding rate. 
In addition to the long-term investigation, this program addresses the short-term substrate 
needs of the consortium, i.e., for any given application, what substrate is best suited for 
the fabrication of high-quality epitaxial structures. Molecular beam epitaxy (MBE), with its 
attendant real-time in-situ growth monitoring, is ideal for evaluating the quality of the initial 
growth stages of nitride alloys on various substrates. Therefore, Boston University will 
evaluate the existing substrate technologies, i.e. sapphire, including m-plane, SiC (4-H and 
6-H), ZnO, for which the consortium has identified a supplier, and "hybrid substrates" to 
be fabricated both at ATMI and Boston University. 
It is useful to discuss these currently available options. Sapphire substrates may be 
considered a commodity item. SiC substrates, while readily available are priced 40X that 
for sapphire, thus hindering research efforts. Further, the quality of the SiC surface 
preparation, as examined by high-resolution TEM performed at Xerox P ARC, is inferior to 
that of sapphire. -
Another potentially suitable substrate is the aforementioned ZnO, where the lattice 
mismatch forGaN growth is 1.88%. The problems with ZnO as a substrate are that (i) 
there is a high equilibrium vapor pressure of Zn over ZnO at moderate temperatures, i.e., 
ZnO decomposes readily, starting at about 400 C, and (ii) ZnO is readily reduced upon 
exposure to hydrogen and/or ammonia at moderate temperatures. Surface passivation 
techniques were used in order for the ZnO to serve as a substrate. ZnO substrates currently 
are not available commercially. Good quality material has been grown in the past using 
hydrothermal growth techniques, but the processes were mothballed when it could not 
compete economically competing materials for acoustic wave applications. The consortium 
has access to these ZnO substrates and will evaluate their potential utility as a substrate 
material. Given positive research results within this program, ZnO could again become 
commercially available. 
11.1.3.1 GaN Substrate Development 
A recognized solution to the problems inherent in GaN heteroepitaxy is the development of 
a high-quality GaN substrate. The refractory properties of GaN which make it attractive for 
high-bandgap device applications also make it difficult to synthesize in large, single-crystal 
form. Additionally, GaN is impervious to hot acids and impervious to most hot bases. This 
makes any conventional surface preparation of GaN substrates for epitaxial growth 
extremely difficult. 
I I .1. 3 .1.1 American X tal Technology 
Recently, the High Pressure Research Center (HPRC) of the Polish Academy of Sciences, 
Warsaw, Poland has demonstrated the growth of high quality GaN single crystals by a gas 
pressure cell technique3. Although the originally-reported crystals were also only a few mm 
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in size, the group first reported and showed (at the Electronic Semiconductor Materials 
Symposium, San Jose, March 1994) platelet GaN single crystals with 1 em dimensions. 
Although the surface morphology of the platelets was poor, X-ray Bragg diffraction studies 
at the Cu Ka-line demonstrated that the crystallographic structure of the platelets was 
reasonable good (FWHM 25-30 arcsec). 
The platelet substrates which have been grown by the HPRC are degenerate n-type. For 
laser applications, it would be useful to have p-type semiconducting substrates also. For 
electronic applications, semi-insulating substrates offer significant advantages. The 
properties of GaN substrates and epitaxial materials were discussed in detail at the 8th 
International Conference of Semi-insulating ill-V Materials in Warsaw, Poland (6-10 June 
1994). No fundamental limitation to achieving semi-insulating, n-type or p-type single
crystal GaN substrates were identified, although the native defect properties of GaN are not 
thoroughly understood yet. 
Under the present proposal, AXT proposes to the development of high quality substrates 
and the surface preparation techniques required for homoepitaxy. AXT will supply GaN 
substrates to the consortium for homoepitaxial growth of ill-nitride compounds. The size 
and quality of substrates to be supplied will depend on the status of the development 
program with epi-ready substrates available late in the second year of the program. 
Since conventional techniques of substrate preparation are not applicable to GaN, AXT 
proposes to explore unconventional methods of surface preparation. AXT will explore 
diamond turning and excimer laser processing. Diamond turning can be used for the initial 
polish of the surface with excimer laser ablation used for the final surface polish. AXT 
proposes to explore include cutting and dicing. Due to the high strength of the material, 
controlled cleaving of GaN substrates of any substantial thickness is expected to be 
difficult. Although we have experience of cutting ceramic AIN, which is more refractory 
and harder than GaN, with a diamond-coated wire saw, other techniques such as abrasive 
blasting or excimer laser scribing may provide a higher quality final surface for improved 
voltage hold-off and/or optical facets. 
11.1.3.1.2 Advanced Technology Materials, Inc . 
In this program. A TMI will examine a novel technique to produce low defect density GaN 
substrates. The key feature is the use of a sacrificial substrate which is removed from the 
deposited GaN layer at the growth temperature. This will eliminate the formation of defects 
wafer warpage or cracking resulting from differences in thermal coefficients of expansion. 
The dislocation density will be reduced by growing thick GaN layers (25-1000J,lm). 
In addition to reducing the defect density. this sacrificial technique has several significant 
advantages. First, large diameter substrates can be produced, limited only by the size of 
available sacrificial substrates. For a silicon sacrificial substrate, this technique can produce 
GaN substrates greater than 10" in diameter. Second, the substrates are essentially epi
ready; no substrate fabrication, i.e. sawing and polishing, is required. Third, substrates of 
varying compositions and doping density can be easily produced because these parameters 
are controlled by the gas phase deposition process. The doping can easily be varied 
throughout the thickness of the substrate, for example to produce a heavily doped layer at 
the back for low resistance ohmic contacts. The dopant may be introduced either from the 
gas phase or by diffusion from the sacrificial substrate. And fmally, many substrates can be 
produced simultaneously. 
Efficient growth of GaN and removal of the sacrificial substrate requires a specially 
designed reactor. This reactor must be able to deposit GaN only on the front of the 
sacrificial substrate and not on the back. It must then be able to expose the back of the 
sacrificial substrate to a gas stream containing an etchant for the sacrificial substrate. If the 
etchant is selective, that is it will etch the sacrificial substrate but not the GaN, then both 
sides of the wafer may be exposed to the gas stream. If the etch is not selective, the reactor 
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may have to be designed to expose only the back to the etchant. Removal of the sacrificial 
substrate can be greatly eased by using a thirined substrate. 
Figure 2.3 shows a schematic of a two chamber system that we will utilize for this growth 
technique. The two chambers are separated by a carrier that has holes in it the same size as 
the sacrificial substrate, as seen in Fig. 2.3a. Small tabs on the bottom of the carrier hold 
the substrate in place. GaN growth occurs in the top chamber. Growth proceeds both 
perpendicular to as well as parallel to the substrate surface. After several hundred microns 
of growth, the GaN will extend over the edge of the sacrificial substrate. This overhang 
helps provide a seal between the two chambers. Sealing is further enhanced during the 
growth step by keeping the pressures in the two chambers equal to minimize diffusion. 

Exh aust Wf a er c a mer 

j 

Growth Chamber Gas in 
u 1lr 

Etching Chamber Gas in 

Fig. 2.3 Schematic of two-chamber growth system. 

When the GaN growth is completed, the system is represented by Fig. 2.4. Without 
reducing the temperature, the etchant species is introduced into the lower chamber. The 
sacrificial substrate is etched away, leaving the GaN substrate sitting in the recess of the 
carrier as shown in Fig. 2.4c. During the etching sequence, cross-diffusion is minimized 
by keeping the pressure in the upper chamber slightly higher than in the lower chamber. 
The carrier can then be withdrawn to unload the system. It is clear that this or a similar 
system can be scaled up to grow on many substrates simultaneously. 

Fig. 2.4 

Sacrificial 
Substrate 

(a) 

Sacrificial 
Substrate 

(b) (c) 

Schematic of wafer carrier showing (a) sacrificial substrate at start of 
growth, (b) GaN grown on sacrificial substrate and (c) GaN substrate 
after removal of sacrificial substrate. 

Growth of GaN 
The GaN will be grown using vapor phase epitaxy (VPE) in which HCl is reacted with Ga 
and NH3 in a hot wall system. VPE is chosen over metal-organic vapor phase epitaxy 
(MOVPE) because of the lower cost of the precursors and the ability to scale to larger 
systems. 
Silicon Etching 
Gas phase silicon etching is a well established procedure in the fabrication of silicon 
microcircuits. It is commonly performed using gases such as HCl or SF6 in H2 at elevated 
temperatures. Silicon can be etched using HCl over a wide range of temperatures, 700-
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1200°C. Since typical GaN growth temperatures are around 1000-ll00°C, it is clear that 
we will be able to etch the silicon at the same temperature used for GaN deposition. 
11.1.3.2 Alternate Substrate Development 
A parallel effort at Boston University will prepare and evaluate alternate substrate 
preparation and subsequent growth technology. The growth system of Boston University, 
a molecular beam epitaxy machine with an electron cyclotron resonance nitrogen source 
(ECR-'MBE) is used to study the nucleation and growth kinetics on the alternate substrates. 
ECR-'MBE is ideal for this task due to the extensive in-situ monitoring capabilities 
contained on the machine, allowing real-time evaluation of film growth. 

•Hybrid GaN substrates: These substrates will be grown at Boston University 
using the hydride VPE method. In this method, the GaN is formed by the reaction of GaCl 
with NH3 and has been reported to have high growth rates(> 100 nun/hr.). The films will 
be grown on sapphire substrates, coated first by the method of sputtering with (0001) 
oriented films of ZnO. The sapphire substrates will be separated and reused by dissolving 
the ZnO with NaOH. The produced GaN wafers (1-2 inches in diameter and 0.5-1.0 mm 
thick) will be used in the epitaxial growth of III-V nitride thin films and junctions by the 
'MBE and MOCVD method. 

•Bulk ZnO substn!tes: ZnO has a wurtzite structure, like that ofm-V nitrides, and a 
lattice constant of 3.25 A. Thus this substrate can be used to fabricate lattice matched 
heterostructures out of the In-Ga-Al-N family, with energy gaps varying from 2.7 to 
4.5eV. As previously mentioned, a source for such substrates has been identified. 

•M-plane (1100) sapphire substrates: This substrate has the smaller lattice mismatch 
(about 2.6%) compared to the C-plane and R-plane sapphire. There is one report in the 
literature which shows that without either a GaN or AlN buffer, GaN fllms grown on this 
substrate have the best surface morphology and photoluminescence, and good electrical 
properties. S 
II. 2 Analysis of Critical Materials Issues 
Xerox PARC proposes to conduct basic materials studies on m-V nitrides and their alloys 
in support of the development of these materials for optoelectronic applications. There are 
three general objectives of these studies: ( 1) to provide timely feedback information on the 
properties of these materials to assist other members of the Consortium in optimizing 
growth and processing for high-performance devices, (2) to contribute to the determination 
of key materials parameters and the identification of key processing strategies for 
fabricating these devices, and (3) to make major contributions to the fundamental 
understanding of these materials in order to establish the scientific underpinnings for 
emerging high-bandgap optoelectronic technologies. These objectives will be pursued in 
close coordination with the other members of the Consortium. 
II. 2.1 Crystallinity and Device Performance 
In all m-V materials, a close link between dislocation density and optoelectronic device 
performance has been observed. Fig. 2.5 shows the optical recombination efficiency 
versus dislocation densities for a number of III-V binary and ternary compounds. The 
observed trend is that a reduction of dislocation density in III-V semiconductors raises the 
optical recombination efficiency. Second, the figure shows that dislocations are worse in 
some compounds than in others. 
Because of the good performance of the Nichia LED, a device with a high dislocation 
density, some members of the nitride community believe that dislocations, and poor crystal 
quality, have no deleterious role in nitride device physics. However, specific effects of 
dislocations are unknown, i.e .• the performance of dislocation-free nitrides has never been 
measured. From Fig. 2.4 and extensive experience at HP and SDL with optical 
recombination processes, it is anticipated that low-dislocation nitride materials will have 
dramatically improved optical and electrical perfonnance. 
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In all other m-v alloys, dislocations impact device performance in other areas including: 

•Carrier mobility degradation, 
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•Dopant gettering at dislocations, reducing dopant activation, 

•Degradation of _planar growth, and 

•Reliability degradation • 
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Dislocation elimination and understanding the impact of dislocations upon nitride 
performance are central to this proposal and will lead to the demonstration of significant 
device performance improvements. 
11.2.1.1 High Resolution X-Ray Diffractometry 
To achieve rapid advances in materials growth, convenient characterization techniques must 
be employed. X-ray diffractometry is commonly used to assess the crystallinity of films. 
For the films commonly grown in the nitride community, i.e., with X-ray FWHM of 
hundreds of seconds, relatively unsophisticated X-ray techniques may be employed. For 
films of higher crystallinity, sophisticated X-ray techniques can provide substantial 
information concerning variations in lattice spacing within the epitaxial layer and also 
measure the mosaicity of the sample. Simply stated, mosaicity is a measure of the amount 
of tilt in local areas of the crystalline structure. A high degree of mosaicity indicates poor 
nucleation leading to 3-dimensional growth, thus high resolution X-ray studies will be used 
to further optimize buffer layer nucleation and crystallization. 
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A schematic of the high resolution X-ray system is shown in Fig. 2.6. The X-ray source is 
collimated with a four genrtanium crystal monochromator having beam dispersion of 2-3 
arc second. The sample serves as the fifth crystal. The beam exiting the sample is passed 
through a triple axis optic with a double bounce germanium crystal and collected with a 
standard X-ray detector. As shown is the prior work section, this enables reciprocal space 
mapping of the diffracted spot, allowing a separation of lattice parameter variation from 
mosaicity effects. This provides a key analytic tool required for characterization of the very 
high quality films grown within the consortium. 

X-ray 
Source 

4-crystal 
Monochromator 

(Bartels 220) 

Sample 

Triple-axis 
Exit Beam 

Optics 

X-ray 
Detector 

Fla. 2.6 A sc:bematic: of tbe X-ray rec:iproc:al·spac:e mappina system. 

11.2.1.2 Transmission Electron Microscopy 
The fundamental quality of the epitaxial fllm is dictated within the first few monolayers of 
growth. Therefore, understanding the initial substrate/film interface is important. The initial 
stages of growth are regulated by the quality of the thin buffer layers used as nucleation 
layers in GaN growth. Prior to the SDU:Xerox/UT collaborative effort the development of 
buffer layer technology was based on trial-and-error methods. Because of this approach, 
the crystallinity of most nitride fllms has been relatively constant, at 100-400 arc seconds, 
for a number of years. The on-going MOCVDifEM consortium collaboration has resulted 
in rapid improvements in the general crystallinity of nitride films, ultimately yielding films 
with low dislocation densities and narrow X-ray rocking curves, FWHM 27 seconds, 
which are superior to any other epitaxial nitride fllm; indeed the consortium epitaxial nitride 
films now approach the crystallinity of the bulk nitride ftlms &rown at the HrRC in Poland. 
Within the program, the detailed study of the interface structure of GaN thin films grown 
on various substrates such as sapphire, SiC and ZnO will be expanded. These studies 
involve high-resolution cross-section transmission electron microscopy (TEM) and 
modeling of the atomic bonding at the interface. 
As the program advances to the construction of heterostructures, the understanding of the 
mechanisms of strain relaxation due to lattice mismatch will become essential for the design 
of heterojunctions in the AlGalnN system. Of particular interest are misfit dislocations on 
the basal plane, their separation into partials with stacking faults, and in the relationship 
with threading dislocations. 
Dislocation densities may be a limiting factor in the production of high quality materials for 
laser applications. The consortium is currently monitoring threading dislocation densities 
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via cross-sectional TEM characterization, however, this technique is rapidly becoming of 
limited utility as the dislocation density of high-quality nitride films drops below the 
detection limit of cross-sectional TEM characterization. Therefore, plan-view TEM, etching 
and X-ray topography are now being integrated into the characterization of more modem 
nitride films. 
II.l.l Electrical and Optical Properties 
II.l.l.l Optical Deep Level Transient Spectroscopy 

c 
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Photoemission DLTS 
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Computer 
Control 

Fla. 2. 7. Apparatus for pbotoemlssion DL TS on Ill· V nitrides. Subbandaap 
photons are ued to emit chaqe from deep levels in the depletion layer 
of a Schottky diode at low temperature, with the transitions detected by 
a tlme-varylnl capacitance. The components are labeled as follows: 
li1ht source LS, lens L, monochromator Me:, beam splitter BS, shutter 
S, cryostat C, chopper Ch, and detector D. 

Deep levels can degrade device performance by introducing competing recombination 
channels for injected free earners. Characterization and identification of deep level defects 
will be performed with two forms of deep level transient spectroscopy (DLTS}. 
Conventional DLTS, which utilizes thermal energy for charge emission, will be used to 
characterize deep levels, but is limited to within approximately 0.8 eV of the band edges,. 
To overcome this limitation, we have developed an apparatus for photoemission DLTS on 
wide bandgap semiconductors (Fig. 2.7}. In combination with other techniques, such as 
PL, we expect to achieve a detailed understanding of the nature and kinetics of deep-level 
luminescence centers in the ill-V nitrides and their alloys. The DLTS techniques will also 
be applied, in combination with TEM, to determine whether dislocations introduce deep 
levels in these materials . 
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11.2.2.2 Photoluminescence and Photopumping 
The routine study of the photoluininescence CPL) and optical characteristics of the epitaxial 
layers in this program will be made at HP, SOL Inc, Xerox, and also at UT and BU. It is 
essential that each of the organizations with growth responsibilities have a rapid-tum
around PL materials evaluation capability so that results can be used in the optimization of 
growth conditions on a timely basis. In addition, detailed optical studies will be carried out 
at specific laboratories in the consortium that have specific specialized capabilities. 
Photoluminescence (PL) techniques will be used to characterize the radiative 
recombination. Both low-temperature and time-resolved measurements will be performed. 
As a routine characterization technique, the PL intensity of selected emission bands 
provides a quick and convenient relative measure of material quality. As a research 
instrument, PL will be used to distinguish among the several channels of recombination, 
i.e., band-to-band transitions, bound exciton transitions, donor-acceptor pair transitions, 
and transitions to deep states, to determine phonon coupling , and to determine transition 
lifetimes. Given the range of PL emission bands that have been previously reported for 
heteroepitaxial GaN (i.e., band-edge, near band-edge, and deep-level transitions), it is 
anticipated that a comprehensive PL study will yield invaluable information for improving 
material quality and eliminating parasitic radiative. 
Time-resolved PL studies, photoluminescence-excitation (PLE) measurements, and optical 
pumping studies of epitaxial fllms and laser structures will be performed with the system 
shown schematically in Fig. 2.8. This high-performance laser system permits PLE and PL 
measurements in bulk, DH, and quantum-well samples in the AIGalnN system. The 
system will be used to photopump single layers and heterostructures at temperatures 
ranging from 4.2 K to 300 K to evaluate the crystal quality of materials through the study 
of the fundamental optical transition energies in these materials due to both intrinsic and 
extrinsic processes. 

All lines 

lnnova 420 Argon-ion laser 

Janis He 
Cryostat 

A. = 700-1 000 nm 

~---~ Mira 900 Ti:Sapphire laser 

A = 233-333 nm & 350-500 nm 

CSK SuperTripler 

Spex 1702 1-meter 
r------t Computer-controlled spectrometer 

Detector 

Fig. 2.8 Schematic diagram of tripled femtosecond Ti:Sapphire UV laser system 

In addition to the characterization of "bulk" optical properties of these materials, detailed 
information can be obtained about bound exciton states, carrier lifetimes, heterostructure 
interface recombination velocities, and impurity bands. Selected samples will be optically 
characterized via variable-temperature photopumping to access the characteristics of 
stimulated emission in the nitride alloys. Samples will be characterized by pumping at 77K 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 



I 
.I 
I 
~ 

I 
: f 

:I 
w 

I 
n 

. I 

16 

and 300K to evaluate the heterostructure quality. The information gained will be a guide for 
the design of injection lasers. 
the band offsets in these wide-bandgap materials. While theoretical and experimental data 
for the bandgaps of these binary and ternary materials is available, not much (if anything) is 
currently experimentally known about the band alignments in heterostructure& in the 
InAIGaN system. We propose to make detailed studies of the PL of low-temperature QW 
heterostructure& in this system and internal photoemission measurements to determine the 
conduction band and valence band offsets. These measurements will be correlated with 
theoretical calculations and photoemission data. These results will be important for the 
design and realization of low-threshold lasers and high-efficiency LEOs. 
11.2.3 Electrical Conductivity in Nitride Alloys 
A hurdle to the realization of high-performance optoelectronic devices will be the ability to 
controllably achieve high p-type doping. In Mg-doped GaN grown by MOCVD, activation 
of acceptor dopants (e.g., Mg and Zn) requires either low-energy electron beam irradiation 
(LEEBI) or thermal annealing, or a combination of the two. The formation of acceptor-H 
complexes under the presence of hydrogen during the MOCVD growth is likely responsible 
for the need for a post-growth activation. The understanding and control of the 
compensation of p-doped GaN is a significant part of the program. 
High dislocation densities may impact impurity incorporation, distribution, and activation. 
The very high quality of the nitride films, as measured by dislocation densities and x-ray 
rocking curve FWHMs, grown within the consortium will allow the separation of 
properties intrinsic to the nitride alloys from the consequences of poor crystallinity. 
II.2.3.1 P-type Nitride Alloys 
Workers in Japan have published data describing the successful MOCVD growth ofp-type 
GaN using Mg doping.6 In the first report of p-type GaN:Mg on a AIN buffer layer, 
Amano et al, used Mg-doping in MOCVD-grown GaN films to dope the films with 
acceptors. After growth, the GaN layers were annealed using low-energy (5 ke V) electron 
beam irradiation (LEEBI). After irradiation, the layers showed p-type behavior with a 
resistivity of 0.2 O-cm.6 In other work, Nakamura, et al, grew p-type GaN:Mg fllms on 
GaN buffer layers made conductive with post-growth thermal annealing at -700°C for 20 
min. These results show promise for the achievement of low-resistivity p-type AllnGaN 
alloy films grown by MOCVD. Other workers have speculated that the process of 
annealing (either by thermal treatment alone or in conjunction with LEEBI) can reduce the 
H-ion content of fllms, which contributes to the reduction of the compensation in p-type 
wide-bandgap semiconductors.7 Note that LEEBI produced only a thin layer of "p-type" 
material-500 nm thick, while thermal annealing produced p-type conduction throughout 
the Mg-doped GaN epitaxial layer. 
Our initial approach will be to study the thermal and electron-beam induced dissociation 
kinetics for activation of acceptor impurities. An effective experimental technique to obtain 
phenomenological parameters for such dissociation processes involves the use of 
capacitance-voltage measurements to monitor in situ the recovery of dopants in the 
depletion layer of a diode as the dopant-impurity complexes are thermally dissociated; the 
technique will be extended to examine electron irradiation. Such studies will identify ( 1) the 
microscopic mechanism responsible for low p-type doping efficiencies in MOCVD-grown 
GaN, (2) the mechanism utilized in the LEEBI technique, and (3) processing strategies that 
will maximize p-type doping efficiency. Electron and hole concentrations and their 
mobilities will be characterized by variable-temperature Hall effect measurements, which 
also provide information on charge scattering processes and dopant activation energies. 
These measurements will be supplemented with capacitance-voltage measurements 
(variable temperature and ac frequency) on current rectifying devices. SIMS studies will be 
used to determine the actual concentrations of dopant atoms incorporated under different 
growth conditions. 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consortium . 



.I 

. I 

.I 
; I 
l. 

I 

" I 
T I . 

'] ' i 

ll 
ll 

17 

The thennal annealing facilities required for the dopant activation experiments are in place at 
all facilities. During this program, p-type dopants and growth/post-growth procedures for 
AllnGaN alloys will be established to produce low-resistivity p-type materials. In Year IT 
these results will be furthered and utilized for the construction of improved injection 
electroluminescent devices. Again, it is critically important to the growth of dislocation-free 
materials for these measurements to be meaningful. 
In most MOCVD nitride systems, the background doping level of GaN is heavily n-type. 
The high background level interferes with p-type doping and is not desired. In GaN grown 
within the consortium, the background dopant level is -2 x 1015 cm-3. This level is a 
significant indication of the MOCVD capability of the consortium, since the control of the 
background doping level is tied to precise control of the m-V ratio in the gas phase, the 
growth temperature and the cleanliness of the MOCVD reactor. Although a complete 
discussion of the defects/contaminants in MOCVD GaN is beyond the scope of this text, a 
brief discussion of the current scientific difficulties with this issue is warranted. 
It has been proposed that the dominant n-type behavior of the ill-V nitrides is primarily due 
to native defects, namely, N vacancies. a This analysis has been called into question since 
Khan, et al.9 An alternative explanation for these effects could be due to background C and 
0 incorporation into the films grown at different temperatures. As was pointed out by 
Jenkins and Dow in 1989, the effects of defects and contaminants can be critically 
important in the realization of low-resistivity p-type AllnGaN fllms.10 Dupuis has also seen 
defect-related doping effects in the growth of AlGaAs-GaAs injection lasers on Si 
substrates. II The LP-MOCVD systems to be used in this program have been specially 
constructed to eliminate 0 contamination with high-purity proprietary sources used to 
reduce unintended dopant incorporation. 
II. 2. 3. 3 Ionic Bonding In Nitride Alloys 
Compared to conventional ill-V arsenides and phosphides, the character of atomic bonding 
in the nitrides is highly ionic. The importance of this was first pointed out by Kurtin, 
McGill, and Mead in 1969.12 Based on a wide variety of empirical evidence they described 
a fundamental transition in the electronic nature of solids. It was shown that valence band 
excitations (holes) are expected to be much more localized in ill-V nitrides than they are in 
more covalent semiconductors. This localization affects the electronic and optical properties 
of the materials. 
Specifically, ionic semiconductors such as GaN are expected to show limited Fermi level 
pinning at their free surfaces. That is, any states associated with the surface are either few 
1n number or energetically located outside the energy gap of the material. As a 
consequence, ohmic contacts ton-type materials should be relatively simple to make using 
low work function metals such as In, AI, or Ti. Indeed, we have already fabricated non
alloyed ohmic contacts to n-type GaN using a TW composite contact Ohmic contacts to p
type GaN are expected to be more difficult, though ohmic AuNi contacts have been 
demonstrated by Nichia Chemical. 
Another implication is that hole mobilities may be low in GaN.In fact, with the exception 
of one literature report, which has been widely disputed in the nitride community, hole 
mobilities have been reported to be less than 10 cm2N -sec. This is clearly important in the 
design of LED or laser structures, dictating that the current path through the p-type layers 
must be kept very short. 
Finally, it is recognized that dislocations and other extended defects can sometimes behave 
like internal surfaces within semiconductors. If surface states are less important in ionic 
materials it follows that dislocations and other defects may be more benign than they are in 
covalent materials such as GaAs or InP. This is certainly born out by the fact that the LEOs 
produced by Nichia Chemical have dislocation densities in excess of 1010 cm-2. However, 
even if dislocations are more benign in the nitrides, they impose an upper limit on the 
efficiency of visible LEOs made from every other material system. Their role in limiting the 
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efficiency and lifetime of laser diodes is also well documented. Therefore, we believe that 
substantial improvements in epitaxial material growth will be needed before GaN devices 
can be fully exploited on a commercial basis. 
11.2.4 Heterojunction Development 
All commercial laser diodes and high-efficiency LEOs are formed of layered structures that 
are optimized to produce high quality materials of varying refractive index and bandgap 
while maintaining a common epitaxial lattice constant. By maintaining an invariant lattice 
constant throughout the crystal, a dislocation-free crystal may be grown. The only 
exception to this rule is the usage of strained-layer quantum well active regions, however, 
strained-layer active regions are grown with thicknesses less than the so-called critical 
thickness and therefore introduce no new dislocations. As described throughout this text, 
dislocations and defects in ill-V materials can interfere with conduction processes, dopant 
activation and optical recombination and significantly degrade the reliability of an 
optoelectronic component. 
The ternary materials AlGaAs and AlGaP, where Aland Ga are nearly the same size in the 
crystal lattice, are nearly lattice-matched across their entire compositional range. However, 
AlOaN is not an inherently lattice-matched system with -3% mis-match from AlN to OaN. 
Therefore, to grow nitride alloy heterostructures, as needed for high-performance 
optoelectronics, requires by definition quaternary alloy development. In this section of the 
proposal, an overview of the heterostructure systems available in the AlGalnN system is 
presented. 

Fig. 2.9 
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Dependence of the energy gap, E1 , upon lattic:e parameter, a0 , for 
materials in tbe Al·ln-Ga·N system; also lndic:ated are the lattice 
c:onstants for some c:ommonly used substrates. 

The dependence of the energy gap upon the lattice parameter of materials in the Al-ln-Ga-N 
system are shown in Figure 2.9, along with the lattice parameters of several possible 
single-crystal substrates, e.g., a(6H)-SiC and (0001) A1203. Important physical properties 
of the ffi-V nitrides are listed in Table 2.1. Note that AllnGaN films grown on a(6H)-SiC 
substrates will be under tension and that a range of compositions can be grown lattice
matched to (0001) ZnO. Several approaches to reducing the dislocation density and strain 
in the epitaxially grown films will be evaluated, as discussed below. One possibility is the 
use of low-temperature GaN buffer layers. As discussed more fully below, the groups at 
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SDL and UT -Austin have recently produced the highest quality heteroepitaxial films of 
GaN using (0001) Al203 using at low-temperature GaN buffer layer. 
Dupuis has done extensive research in the heteroepitaxial growth of GaAs on (100) Si 
substrates where the lattice mismatch is approximately +4%.13-15 Many of the 
considerations that apply to the growth of GaAs/Si are also relevant for the growth of Al
Ga-In-N semiconductors on lattice-mismatched substrates such as those listed in Table 2.2. 
For the case of lattice-mismatched heteroepitaxy, it is advantageous to be able to grow films 
at lower temperatures since the strain in an epitaxial layer at room temperature can be 
directly related to the lattice mismatch at the growth temperature and the differential 
coefficient of linear thermal expansion, ~a.T. between the substrate and the film. It is 
desirable to use a film/substrate combination for which the layers are not only lattice
matched but which also have similar coefficients of thermal expansion. A comparison of 
the CXT data of Tables 2.1 and 2.2 shows that both a-SiC and a-ZnO have thermal 
expansion coefficients that arc much closer to the experimentally determined values for AlN 
and GaN than does sapphire. It is expected that InN will have a similar value for a.T. As a 
result, epitaxial films in the AIInGaN system grown on SiC or ZnO substrates will have 
less residual strain due to differential thermal expansion than for AlGalnN/ Al20J films. 

Tabl 21 e . p ropert u o urt te i f W zl Bi nary 

Material Ea (eV; nm) a <A> 

AlN 6.2; 200 3.104 

GaN 3.S; 354 3.180 

InN 2.2; S63 3.533 

*Data from Ref. RIO except u md1cated. 
t Measured near the band edge. 

e (A) 

4.978 

5.178 

S.10S 

c 

• Measured for "a-axis" in the temperature range 300- 1273 K. 

ompoun t e • 8• D• lyst da In h AI G I N S em* 

nt aT (106 K•l)• 

2.2Qil/1.9.S[Rl9] .5.6c 

2.298J2.sb S.6[Rll] 

2.248 not known 

a Calculated values from W. A. Hanison, Electronic Structure and the Properties of Solids, (W. H. Freeman & Co., 
San Francisco, CA. 1980.), p. 114, 11!1. 
b D. D. Manchon, A. S. Barker, P. J. Dean, and R. B. Zettentrom, Solid State. Commun. 8, 1227 (1970). 
c M. Neuberger, Handbook of Electronic Materials, Vol. 2, 111-V Stmiconducting Compounds, IFIIP1enum, New 
York. 1971), p. 18. 

Table 2.2 Properties of Possible Substrates for Epitaxy In tbe AI·Ga·ln·N System* 

Material Orientation Structure E1 (eV) a (A) c: <A> aT (1o'x·•>• 

a-Al203 (0001) rhombohedral >6 4.76 12.99 8.88 

a(6H)-SiC (0001) wurtzite 2.86 3.0865t lS.11t 4.78 

a-ZnO (0001) wurtzite 3.2 3.250 5.207 4.3 

*Data from CRC Handbook of Chemistry and Physics, R. C. Weast. ed. (CRC Press, Boca Raton, Fl, 1983) except 
as indicated. 

* Measured for "a" axis over the range 300-l273K. 
t C. M Wolfe, N. Holonyalt, Jr., and G. E. Stillman. Physical Proptrties of Semiconductors, (Prentice Hall, 

Englewood Cliffs, NJ, 1989), p. 340. 
a W. D. Kingery, H. K. Brown, D. R. Uhlmann, Introduction to Ctramics, Second Edition (John Wiley & Sons, 

New York, 1976), p. !194. 

Probably the most important single recent contribution to the improved growth of AlGaN 
has been the use of low-temperature buffer layers for heteroepitaxial growth of GaN and 
AlGaN alloys on sapphire and other substrates.16 The first reports of the improvement of 
GaN/A1203 films using low-temperature buffer layers was made by Amano, et al, in 1986. 
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In retrospect, this work should be "obvious" to anyone familiar with the area of GaAs on 
Si because this same approach was used in the first demonstration of improved 
heteroepitaxial growth of GaAs on ( 1 00) Si substrates. It is not surprising that many of the 
same "tricks" can be used for both types of heteroepitaxial growth for, in many respects, 
the major problems, i.e., lattice and expansion coefficient mismatch, are the same. In the 
proposed program, work on various schemes for the growth of dislocation-free, lattice
matched heterostructures will be undertaken. 
As mentioned above, the use of alternate "nearly lattice-matched" substrates will be studied 
extensively. For example, as indicated in Table 2.2 and shown in Fig. 2.3, a(6H)-SiC has 
a wurtzite lattice structure with a (000 1) growth plane that has an "a" lattice parameter of 
3.087 A corresponding to a lattice mismatch of ila/ao- -3% relative to GaN and- -2% for 
AIN. This is to be compared with a measured lattice mismatch forGaN on a-Ah03 (which 
is rhombohedral) of ilalao> -18%. This is a significant improvement of over an order 
magnitude of reduction in the mismatch. Furthermore, it is important to note that the films 
will be under compression instead of tension. This could significantly alter the dislocation 
density and defect structure of GaN/SiC fllms relative to GaN/A1203 fJlms.l7 We will 
explore these effects and compare the results with GaN/ZnO fllms (which will be under 
tension) where the mismatch is -+2%. It is also interesting to note that Gao.slno.2N alloys 
can be grown which are lattice-matched (at 300K) to ZnO. This alloy has a calculated 
energy gap of Eg- 3.1 eV (-400 nm) and would be a possible candidate for the active 
region of a UV semiconductor laser. In addition, calculations of the electronic structure and 
donor and acceptor energy levels of the AIGalnN alloys show that both p- and n-type 
doping should be possible in these ternary systems, suggesting that low resistivity layers 
required for efficient injection luminescence should be achievable.lO 
It should be noted that our experience with the growth of InGaAs and InGaAsP lattice
matched to InP has shown that somewhat better epitaxial layers can be obtained by growing 
films lattice-matched to the substrate at the growth temperature instead of at room 
temperature. Because of the differential coefficient of linear expansion between the film and 
the substrate, cooling from the growth temperature to 300K can contribute to some 
additional strain in the epitaxial layer. It is also relevant to consider the improved 
performance of strained-quantum-well lasers in the AlGaAs-InGaAs-GaAs system. These 
results suggest that some strain in the laser active region may be desirable. We will study 
these effects in the nearly-lattice-matched fllrnlsubstrate systems and determine the optimum 
alloy compositions which can be grown. 
Another significant feature of the proposed research program is the growth and 
characterization of AllnGaN quaternary epitaxial layers. It is well known that the growth of 
lattice-matched quaternaries of lnGaAsP (for long wavelength infrared as well as visible 
red lasers) and AlGalnP (for short-wavelen~ red and yellow lasers) has resulted in the 
demonstration of high-performance lasers 10 wavelength ranges for which there is no 
corresponding lattice-matched ternary composition in these systems. IS In fact, most of the 
current technological and commercial developments in the area of semiconductor injection 
lasers today are focused on the growth of quaternary laser active regions in these systems. 
While only recently has a limited report of the growth of AllnGaN quaternary alloys been 
made 19, the ternaries AlGaN20 and GalnN2 r have been grown throughout the entire 
composition range and it is known that there are no fundamental reasons why well-behaved 
quaternary alloys should not exist. In fact, as shown above in Figure 2.9, the bandstructure 
calculations for the GalnN and AllnN ternaries show well-behaved conduction bands as a 
function of alloy composition. tO Combining the available experimental and theoretical data 
for the three ternaries, AlGaN, GalnN, and AllnN, we expect that the entire parameter 
space of composition vs. lattice constant for the AllnGaN quaternary can be calculated with 
good accuracy. Using these calculations, lattice-matched quaternaries with different 
compositions and energy gaps can be grown. 
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In summary, the ternary and quaternary alloys of GaN will be developed throughout this 
research program, leading to the fabrication of dislocation-free nitride alloys, the 
foundation of high-performance optoelectronics. 
11.3 Device Development 
The program consists of two efforts: the LED effort of HP with the goal of rapid 
introduction of blue LEOs, and the laser diode effort with the goal of demonstrating CW 
operation of an injection laser diode by the conclusion of the program. In this section of the 
proposal, basic device considerations are outlined. 
II. 3.1 Laser Design and Processing 
I I. 3 .1.1 Optical and Electronic Confinement 
The design of optimized low-threshold heterojunction semiconductor lasers and high
efficiency LED's will be guided by the already established principles for high-performance 
ill-Y heterostructure lasers. The key features of the required device structure are the 
confmement of the optical field to the waveguide layer(s) in the direction normal to the 
junction plane and the confmement of injected carriers to the active region. The confmement 
of carriers and the optical field can be readily accomplished in the InAlGaN system through 
the use of the lattice-matched ternary and quaternary alloys. Using the experimentally 
determined values of the index difference, An, and the energy gap difference, AE1, 
between the "cladding layers" and the "active region" required for low-threshold AlGaAS
GaAs injection lasers, we can get some feeling for how feasible UV lasers in the InAIGaN 
system will be. As an example, consider the case of a conventional Alo.4Gao.6As-GaAs 
DH laser structure, which is a standard low-threshold laser structure in the AlGaAs system. 
In this case, the index difference, An, between the Alo.4Gao.6As cladding layers and the 
GaAs active region is An - 0.28 at the GaAs laser energy of Blaser = 1.38 e V and AE1 -
0.476eV. These values will be used as a benchmark to develop a "first guess" laser 
structure in the InAlGaN system. 
As a specific case, let us consider the possibility of using alloys lattice-matched to (000 1) 
ZnO substrates. These have an energy gap, E and an index of refraction, n(Eg). at the 
corresponding bandgap energy that is interme~ate between the values of the binaries of 
which they are composed. If we take the values of n given in Table 1 and use a linear 
function for the dependence of n(E', x) upon x in the Gat-xlnxN system. we fmd that at the 
bandgap energy of Gao.slno.2N (Ef = 3.1 eV). the estimated value for the index of 
refraction of Gao.sino.2N is n(E1 = 3. eV) = 2.44. 
If we take the simple approach that we require a cladding layer for this Gao.slno.2N "active 
region" that has an energy gap -0.48 eV higher, (as determined above for the 
Alo.4Gao.6As-GaAs laser above) we conclude that we need an alloy with a bandgap energy 
-3.58 eV. Using the equation for E1(x) calculated in Ref. 10 for the Alt-xlnxN system, we 
calculate that this energy gap corresponds to an alloy of composition Alo.491no.s 1 N. This 
alloy has an estimated value of n(Eg = 3.58 eV) = 2.08. We conclude that a DH structure 
consisting of cladding layers of Alo.49lno.stN and an active region of Gao.slno.2N emitting 
light at Eg = 3.1 eV (A= 400 nm, in the UV) will have values of An- 0.36 and a AEg_:--
0.5 eV and will thus satisfy both the requirements of An- 0.28 and AEg- 0.476 eV. 
Thus, we expect that such a DH structure is capable of confming electrons to the active 
region of the laser structure. The estimated lattice mismatch between the active region and 
the cladding layers in this DH structure will be Aa/ao - 1. 7% which is small enough to be 
acceptable. Note that, as discussed above, the lattice mismatch can be entirely eliminated by 
employing quaternary AlGalnN cladding layers. 
The DH laser structure is shown schematically below in Fig. 2.10a. The active region of 
this laser could also be designed to include a MQW structure with Gao.slno.2N QW's and 
barriers of Alo.42lno.ssN (Eg = 3.3 eV) which have a lattice mismatch of- 0.8% relative to 
the active region. Based upon the experience with other III-V quantum-well injection 
lasers, this would probably result in the lasing at slightly higher energy. a lower threshold 
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current, and higher differential quantum efficiency. This QW device structure is shown 
schematically in Fig. 2.10b. 
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Preliminary heterostructure laser designs. (a) Is a double-heterostructure 
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Facet Formation 
A fundamental consideration in the fabrication of conventional injection lasers is the 
formation of cleaved facets for the Fabry-Perot mirrors to provide feedback for the optical 
field. The consortium has extensive experience in the fabrication of Fabry-Perot (FP) 
geometry injection lasers. Cleaving the (0001)-oriented lnAlGaN films on (0001) AI203 
substrates is expected to be more difficult than cleaving (100) GaAs substrates. However, 
cleavage appropriate for FP laser diodes has been demonstrated at SOL. If cleaving proves 
unsatisfactory, specialists at SOL will use reactive ion etching (RIE) for the formation of 
stripe·geometry device structures. SOL has an on·going technology development program 
in the etching of FP mirrors for high·power AlGaAs-GaAs lasers and has demonstrated 
highly reliable high-power AIGaAs and AIGalnAs laser diodes using etched mirrors. 
II. 3. 2 LED Processing 
The bright blue LED announced by Nichia Chemical Co., Japan, in November 1993 was a 
singular achievement, placing the wide bandgap nitride technology in the forefront for 
visible emitters. While the potential of the group m nitrides had been recognized for many 
years, attainment of useful devices had been, until now, elusive. The feasibility for 
practical, working light emitting devices was proven, and with this achievement the whole 
spectrum of UV and visible wavelengths became available for exploitation. The Nichia blue 
and green devices indicate that with this materials system, and suitable improvements in the 
technology to enhance the light output, a bridge may be made with HP's current AllnGaP 
LED technology to achieve total visible spectrum coverage. LEOs will then compete 
directly with fluorescent lamps as light sources. 
The luminescence mechanism in the Nichia LEOs, both blue and green, is dominated by D
A pair recombination at low currents. With increasing current the impurity emission 
becomes saturated and band edge emission becomes dominant. The resulting emission 
spectrum, is quite broad. This leads to an LED that exhibits poorly saturated color output, 
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and is thus of limited utility for full color displays. This will severely limit the market 
access of the Nichia lamp. 
By moving away from impurity dominated recombination to pure band edge emission one 
achieves two things: brighter LED devices and color purity. Both enhancements are 
required to be successful in the market place. To attain this, both purity and crystal quality 
of the grown layers in the device must be improved. Also, greater indium content in the 
grown layers must be achieved in order to extend the range of emitted wavelengths into the 
yellow-green. Direct band-to-band recombination is a key for commercially successful 
LEDs and is thus a primary effort of the LED program. 
The current Nichia LED is a "pseudo-" double heterostructure, having ann-type GaN 
confining layer on the bottom and a p-type AlGaN confining layer on top of the Zn-Si
doped In.06Ga.94N active layer. While this configuration works, it is not optimized. More 
closely matched confining layers will be required for a band edge emitting active layer, and 
lattice matching layers may be necessary to reduce defects. Fully lattice-matched symmetric 
structures, using quaternary AlGalnN layers, are obviously the preferred approach to the 
fabrication of highly efficient LED heterostructure and thus form the second effort of the 
LED program. 
The primary degradation mechanism of the Nichia LEDs leading to their short lifetime of 
-3500 Hrs, has been identified as failures in their p-contact current blocking layer. This 
layer, thought to be a Ti3Ni compound, appears to short out under stress conditions. Thus, 
the poor reliability observed with these devices does not seem to be associated with the 
nitride materials system, per se, but with the device design and processing. More suitable 
current blocking layer schemes and more robust device designs will be selected. Possibly 
the blocking layer will be eliminated and current spreading window layers used instead. 
This could improve both the efficiency (light extraction) and high current reliability. 
An approach to increase the light extraction from these nitride devices, would be to try 
window layers of suitable thickness. This has proved very advantageous for the.AIInGaP 
LEDs. As much as 10% more light can be extracted from the chip than without such a 
layer. However, a primary issue with these nitride based LED devices is the low 
conductivity of the nitride materials, esrscially, the p-layer. Assuming a hole mobility of 10 
cm2N-sec, a hole concentration of 10 8 cm-2, an electron mobility of 100 cm2N-sec and 
an electron concentration of 1Ql8 cm-2, one calculates the slab resistance ~hown in Figure 
Fig. 2.11 as a function of slab thickness. 
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Fig. 2.11 Slab resistance of GaN as a function of slab thickness. 

More importantly, one must consider the effect on current spreading. This is shown in Fig. 
2.12, which gives the normalized current density at a distance of 100 from the contact edge 
for various slab thicknesses. A comparison with p-GaP is included which is used as a 
window layer for light extraction from AllnGaP LED devices. The normalized current 
density as a function of distance for the contact edge for various slab thicknesses is shown 
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in Figure 2.13. Clearly, both the p-doping mobility and concentration must be increased in 
order to enhance device performance. 
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If suitable nitride based window layers can not be grown, it may be possible to wafer bond 
suitable layers to the device. This technique has been pioneered by HP in their development 
of transparent substrate AllnGaP LEDs.23 
To compete in the LED marketplace,.high volume manufacturing procedures must be in 
place with high yielding processes at each step of the way. This requires the use of multi
wafer epi reactors capable of handling 2 inch and/or 3 inch diameter wafers. Maintaining 
composition uniformity (including dopant incorporation) and layer thickness uniformity, 
both across the wafers and from wafer to wafer is required. Extensive optimization of 
growth conditions will be required to achieve this. Obtaining growth uniformity will be 
facilitated by in situ monitoring, robust device design, and robust processes. It is 
paramount to understand the sources of variability in the process and the interplay between 
reactor hardware and process variables. Failure Mode Effects and Criticality Analysis24 

will be used as well as HP's extensive experience in the high volume production of 
AllnGaP to produce the efficient and uniform materials required for high volume LED 
production. 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consonium. 



! 

. j 

I 
~ 

I 

I 
n 

: I 
'j 

III. Program Plan 
111.1 Management Plan 

25 

The consortium consists of SOL, HP, Xerox, University of Texas at Austin (UT), Boston 
University, AXT, and ATMI. The program manager will be Dr. David F. Welch, Vice 
President of R+D at SDL. The core industrial partners to the program are SDL, HP and 
Xerox. These team members will collaborate fully and openly on the MOCVD crystal 
growth of nitrides. Inputs into this industrial team will come from the other consortium 
members. UT and B U will transfer growth and processing technology to the industrial core 
members. AXT and A TMI will develop GaN substrate growth technologies and deliver 
evaluation substrates to the growth members. The program managers and principal 
0 0 

b 
0 0 

li d bel mvest12ators >Y org_aruzatton are ste ow. 
Institution Program Managers Principal Investigators 

SDL Dr. David F. Welch Dr.Io Major 

HP Dr. George Craford Dr. Grant Elliot 
Xerox Dr. Neville Connell Dr. Noble Johnson 

UT Prof. Russell Dupuis Prof. Russell Dupuis 
Boston University Prof. Ted Moustakas Prof. Ted Moustakas 

AXT Dr. Heikki Helava Dr. Heikki Helava 

ATMI Dr. Duncan Brown Dr. Michael Tischler 

111.2 Task Division 
To achieve the goals, the program is divided into several tasks to be performed at each 
organization. The MOCVD crystal growth will be performed at HP, SDL and UT. The 
material characterization will be performed at Xerox. The theoretical and empirical analysis 
of the physical properties of the nitride alloys will be achieved at Xerox. This effort will 
supply the needed fundamental knowledge base to aid in the fabrication of high
perfonnance LEOs and laser diodes. In the second year of program funding, Xerox will 
begin investigation of processing techniques unique to the construction of the nitride 
injection laser diode while HP and SOL will pursue device structures necessary to 
demonstrate the LED and laser diodes. An industrial task breakdown is shown is Table 3.1 

Table 3.1 The task breakdown of the industrial partners. 

HP·OED Xerox·PARC SDL 

Growth Structure Growth 
•Horizontal •Dislocations •Venical Quartz 

•Buffer Layer •Heterojunctions •B uffer Layer 
•Substrates Electronic oQaAsN 

•InGaN •Transport •Substrates 
Processing •Defects, modeling Processina 
•LED specific Processing •laser diode specific 

.Contacts •Dopant Activation •WG Fabrication 
•Etching, Diffusion •laser diode Facets 

The university efforts are focused at the development and characterization of alternate 
substrate technology, at Boston University, and the development of MOCVD growth 
technologies at UT . 
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The device effort of the program is divided into two tracks: the LED manufacturing effort 
led by HP and the laser diode effort led by SOL and Xerox. The LED effort is a rapid track 
to prototype LED fabrication. The laser diode effort will focus upon continued material 
improvements, ultimately leading to the consortium demonstrating the first CW laser diode 
based upon nitride alloys. 

Table 3.2 The task breakdown of the academic partners. 

Boston UT 
ECR-MBE Growth 

HybridGaN Emcore MOCVD 

ZnO Quaternary Development 
M-Plane Sapphire Source Issues 
Doping, Contacts 

The substrate development effort will be handled in parallel by AXT and A TMI during the 
first program year. This approach is chosen because of the high risk of GaN substrate 
development. The emphasis will be on a thorough proof-of-concept with particular 
emphasis on developing methods compatible with the demonstration of technologies 
compatible with industrial and technological needs. In year 2, the consortium will select the 
substrate vendor with the most technically sound approach to substrate development and 
fund this company at an accelerated rate. The bulk substrates will be made available to the 
consortium. BU will pursue evaluation of commercially available substrates and evaluate 
the substrate technologies developed within the program. BU will use MBE growth as a 
tool to ascertain the quality of the substrates used throughout the program. 
The work of A TMI. will be supported by a subcontract from A TMI to Professor Thomas 
Kuech at the University of Wisconsin. 
111.3 Cost Model 
The cost of the program as broken down by year and company is shown in Table 3.3. 
Within the table, the price is represented as ARPA funds/Matched funds. All values are in 
thousands of dollars. 

Table 3.3 The cost breakdown of the proposed pro1ram. 

Com_pany/Y ear 1 2 Total 

HP SSOISSO SSOISSO 1100/1100 

SDL 5001500 S.SOISSO 10.50/10.50 

Xerox 447/458 460/474 907/932 

UT-Austin 293/358 1861200 479/.5.58 

BU 150/172 150/128 300/300 

AXT 1501150 • 150/150 

ATMI 150/150 • 150/150 

AXT/ATMI 300/300 300/300 

Total 2240/2338 1896/1902 4136/4240 

Although not formally committed as matching funding, HP ts esttmatmg mternal nitride 
funding to exceed $10 million over the next several years due to the high commercial 
importance of nitride development. 
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IV. Statement of Work 
The consortium proposes to develop GaN and related alloys for the purpose of 
demonstrating advanced optoelectronic devices. The goal at the end of the base two year 
program is to demonstrate CW LEOs and laser diodes. The goal specifications of the LED 
are optical power exceeding 4 mW, operating wavelength between 480 nm and 570 nm and 
an external efficiency exceeding 4%. The goal specifications of the laser diode are 
continuous wave operation between 360 nm and 540 nm at room temperature. 
•LED: > 4%, p > 4 mW, 480 nm <A< 570 nm 
•Laser Diode: CW, 360 <A.< 540 nm 
To achieve these goals the consortium will separate the tasks of epitaxial growth, substrate 
fabrication, materials characterization, and device fabrication as discussed in the task 
description above. In addition to the technical tasks the consortium will support quarterly 
review reports and an annual meeting, and a program fmal report. At the conclusion of the 
program the consortium will supply ARPA with working devices, LEOs ( 1 0) and laser 
diodes (5), that best represent the above stated goal specifications. 
The consortium will provide ARPA with samples of the substrates that are produced during 
the program that best meet the technical and manufacturing needs of the consortium. 

V. Milestone Chart 
The milestones of the program are designed to ensure efficient collaboration and to rapidly 
develop materials and device technology leading to the final demonstration of LEOs and 
laser diodes based on nitride materials. 

Milestones for Materials and Device Development Program 

YEAR ONE I YEAR TWO 

!i ,.;a >4,.,P>4mW 
480 am <A.c570 am 

y I , ,..; 
<!'~ .. ~ ~~ 

I 
iJ 1i h 

K .. 

J I ~ 
contiaue m.terials 

~1 
Improvement 

{ :i Di .!a {! 
5 81 &~9 

= 0' 

I 
Fig. S.l(a) The milestones of the Materials and Device Development Program. 

The milestones of the proposal as outlined in Fig. 5.l(a) and 5.1(b) are divided into four 
categories, basic materials research and processing techniques, LED performance , laser 
diode performance, and substrate milestones. 
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Milestones for Substrate Development Program 

YEAR ONE 

~L 
YEAR TWO 

AXT Develop Bulk GaN Growth Review 

Select Increase Substrate Size and Quantity 
Substrate 

TecbnoiOJY Dell•er 
Prototypes 

Ql: Q2: Prosress 
ATMI GaN onSi SiB:ch Review 

-
Ql: 

BU VPER.:tor Complete Study of ZDO, SiC .t M-plane Sapphire 

Q2: 
MBELED 

onVPEGaN 

Fiaure V.l The Tec:hnic:al Milestones of the Substrate Development Proaram. 

VI. Facilities and Equipment Description 
Materials Growth: 

28 

HP: LEC GaAs and GaP substrate growth, GaAsP hydride VPE, AIGaAs LPE, 
AllnGaP and AIGalnN MOCVD. The largest substrate capability in the U.S. 
SDL: AlGaAs, AlGalnAs, AlGalnP/GaAs, GalnAsP/GaAs, GalnAsP/InP and 
AIGalnN MOCVD. Three reactors on-line, fourth reactor in pre-construction phase; 
A TMI: Full facilities for bulk and epitaxial SiC and ill-V materials growth. 
AXT; Full bulk growth facilities for GaAs and InP substrate production. 
Xerox: Xerox-PARC has full MOCVD capability. 
Unlvenity of Texas at Austin: EMCORE MOCVD reactor, procurement of second 
reactor for dedication to AIGalnN growth contingent upon funding availability. 
Boston University: A Varian GEN II MBE System with a compact ECR 
microwave plasma source used for the formation of active nitrogen and a complete set of 
surface analytical equipment (mass spectrometer, RHEED, etc.) 
Material Characterization; 
Optical: Variable-temperature PL and EL, Time-resolved PL, wafer mapping, IR 
and microscopic IR, FfiR, Ellipsometry, Cathodoluminescence, optical recombination 
lifetime measurements, and Raman Spectroscopy. 
Structure: X-ray rocking curve and reciprocal space diffraction mapping, Laue X-Ray, 
High-Resolution TEM with energy dispersive spectroscopy micro-probe, atomic force 
microscopy, SEM. Alpha-step, 
Electrical: Photoexcitation DLTS, Mercury Probe, E.B.I.C., C-V, Polaron, Variable
Temperature Hall Measurement, Sheet Resistance Measurement, DLTS, Raman 
spectroscopy. 
Facilities are readily available in the immediate area for SIMS, Auger, EBIC, EDAX, and a 
wide variety of other materials characterization techniques. 
Processina Egujpment; 
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Full equipment is in place for the mass production of both LEDs and laser diodes. This 
equipment includes: Reactive Ion etching, Diffusion Furnaces, Passivation Deposition 
(SiN, SiON), Back Lapping, Edge Profilers, Evaporators (Resistance and E-beam), 
Sputtering Machines, Rapid Thermal Annealing, Photolithography, Etching 
(Semiconductor and Metal), Plasma Etching, Wafer Sawing, Wafer Scribing, 1 J.Lm 
projection lithography, an optical coating facility and other processing equipment. 
Packaain& Equipment; 
The packaging facilities for LEOs and laser diodes, at HP-OED and SOL, respectively, are 
the largest such facilities in the United States and represent a substantial advantage over 
other potential consortia 
LED and laser diode Test Eggipment; 
The most complete LED and laser diode evaluation facilities in the United States exist at HP 
and SOL, respectively. Xerox PARC also has a complete laser diode test facilities. 
Hi&h·Band&BD Materials Modelin&; 
IBM RS-6000 scientific work station, Silicon Graphics IRIS graphics work station, 
custom software for total-energy calculations and materials simulations. 

VII. Relevant Prior Work 

The members of the consortium represent the cutting edge in optoelectronic device 
technology. The consortium members have demonstrated the highest quality GaN materials 
grown to date and have extensive experience in the areas of materials development and 
characterization, device design and fabrication, substrate fabrication, and commerciaHzation 
of the technology. Thus, the consortium members uniquely meet the goals of the ARPA 
program, which is to develop and commercialize advanced optoelectronic materials and 
devices based on nitride alloys. In this section of the proposal, recent work relating to the 
development of GaN and related alloys performed by the consortium members is 
discussed. The work includes systematic transmission electron microscopic (TEM) 
investigations of buffer layers in GaN growth, characterization of the electrical and optical 
properties of the nitrides, growth of GaN with unmatched crystallinity, and a thorough 
analysis of the current Japanese LED effort including degradation effects of the current 
commercial LED. 

VII.l Structural Properties of Nitride Alloys 
During the past year, groups at UT -Austin and SOL, Inc. have begun to study the use of 
MOCVD to grow heteroepitaxial AllnGaN films. In a very short time, extremely high
quality GaN heteroepitax1al films having world-record X-ray diffraction rocking curve 
FWHM values have been grown. At UT the epitaxial layers are grown in a specially 
modified Emcore GS3200 UTM MOCVD system, while at SDL the layers are grown in a 
vertical low-pressure reactor. Fig. 7.1 shows the optical transmission spectra for three 
GaN fllms of varying thickness. The absorption spectra shows band-edge absorption at 3.4 
e V with interference fringes reflecting the GaN layer thickness. 
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Fig. 7.1: Room-temperature (300K) optical transmission spectra for various GaN 
heteroepitaxial layers arown on (0001) AI203. 

The structural quality of the GaN epitaxial films is analyzed using a five-crystal 
diffractometer. Cu Ka radiation is used and rocking curves through the (0002) GaN and 
A1203 lattice Bragg peaks are made. The FWHM of the (0002) GaN diffraction peak has 
been studied as a function of the thickness of the GaN fllm. The FWHM of the -0.25 J.llll
thick films are -100 arc sec while thicker films, -O.S J.1Ill, have reproducible FWHM values 
~9-38-40 arc sec. A typical (0002) X-ray rocking curve for a 0.48 J.llil-thick GaN/A1203 
film is shown in Fig. 7 .2. Pendellosung fringes appear on either side of the main GaN 
peak. These fringes are only observed for thin, very high-quality epilayers. This is the fust 
observation of Pendellosung fringes in any GaN X -ray rocking curve. These fringes offer 
evidence of high structural quality and allow fllm thickness to be determined from fringe 
spacing. The spacing of -38 arc sec gives a thickness of 0.44 IJlll, in agreement optical 
transmission data of Fig. 7 .1. 

38 arc sec 

Pendell6sung 
Fringes 

-500 -400 -300 -200 -100 0 

Bragg Angle (arc sec) 

GaN epilayer 
peak 

100 200 300 

Fig. 7.2: Five-crystal (0002) X-ray rocking curve of a -0.48 IJ.m-thick GaN 
epitaxial layer on a (0001) AI203 substrate. Note that the observation 
of Pendellosung fringes indicates that the film is of very high quality. 

Subsequent to the achievement of the UT group, SOL has produced GaN fllms with 
rocking curve FWHM of27 arc seconds as shown in Fig. 7.3. The rocking curve is nearly 
symmetric. This profile is actually one of 140 profiles performed during a fifteen hour 
reciprocal space mapping of the 0002 diffraction peak. The. incident optics are a four crystal 
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monochromator; the sample is the fifth crystal, with a triple axis, double crystal collection 
optic system. The noise in the measurement, when compared to the UT film. is due to 
limiting the collection time per data point. 

lOOK 
Copperx:a 
Incident optics - Bartel's 220 - lOK 'Iriple axis diffracted beam optics ,, 

~ Scan step size: 0.0007S degrees I 1 
FWHM= "a I 

u 

)\ 
27 seconds 

IZl lK 
CQ 

8 
~ 

100 

s 
~ ~~ u 10 

~ 
I 

>< 1 

0.1 
-500 0 500 

Omega-Two Theta (seconds) 
Fla. 7.3 The omeaa- two theta scan of an SDL GaN film. 

The reciprocal space mapping of the 0002 diffraction point is shown in Fig. 7 .4. The plot 
is a contour mapping of the omega versus omega-two theta scan. The vertical distribution is 
a measure of the mosaicity of the film. The SDL film has a narrow mosaicity distribution 
with a FWHM in the vertical direction of 35 arc seconds. The horizontal distribution is the 
standard omega-two theta scan shown in Fig. 7 .3, and measures variation in the lattice 
spacing of the crystal. The diagonal trace is an instrument artifact; the secondary divergence 
of the X-ray beam. 
The dependence of the FWHM of the X-ray rocking curve upon thickness of GaN/ Al203 
films as reported by previous workers includes a "best" result of .19-96 arc sec for a film 
having a thickness -4 J.liil grown by MOCVD on a GaN buffer layer2S while a more typical 
"best" FWHM is .19-360 arc sec or more for -4 Jlm-thick films.26-29 Recently, an X-ray 
rocking curve having a FWHM value of A9-98 arc sec was reported for an MOCVD
grown AIN/(0001) Al203 film but the film thickness was not indicated.30 The X-ray 
studies of SDL and UT represent both superior crystallinity and, for the case of reciprocal 
space mapping, more thorough characterization than has been performed by other 
researchers. 
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Fla. 7.4 The reciprocal space mappina of the 0002 diffrac::tion point of GaN. 
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~ <> 
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Fig. 7.5 Comparison of reported X·ray FWHM values of GaN/AI20 3 
heteroepitaxial films vs. layer thickness. Data are from indicated 
references. 

Figure 7.6 shows a room-temperature photoluminescence spectrum of a -0.5 j.Lm-thick 
GaN film grown . The narrow linewidth of the band-edge peak at -367 nm and the high 
intensity of this peak compared to the deep-level emission at longer wavelengths further 
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indicate the samples to be of good optical quality. Room-temperature cathodoluminescence 
spectra taken on other samples showed narrow, intense band-edge peaks at -367 run. 

~ .... 
I -
~ 

Fla. 7.6 

He-Cd irradiation, 325 nm@ 35 mW 
T=300K 

300 350 400 450 500 550 600 

Wavelength (run) 

650 700 

Room-temperature (300K) photoluminescence spectrum of a relatively 
thin { -0.5 J.Lm) GaN/sapphire epitaxial film. A He-Cd laser (A. -325 nm, 
35 mW CW input power) was used as an excitation source. 

The results presented here were obtained for relatively thin layers. Kuznia, et al. 26 have 
reported that improved film properties are consistently observed for fllms employing an 
AlN buffer layer, an optimal buffer layer thickness, and a total film thickness greater than 
-4 IJ.IIl. Thus, while we have not fully optimized our growth procedure, the structural and 
electrical properties of our relatively thin GaN heteroepitaxial films represent a significant· 
improvement in the quality of heteroepitaxial m-v nitride films . 

Fig. 7.7 A TEM lma1e of Nlchia LED. The disloc:atlon density is -toll c:m·l. 

From a structural standpoint, the material grown within the consortium, at UT and SOL, 
Inc, is the best available GaN epitaxy. Indeed, the rocking curves generated within the 
consortium, with a FWHM of 27 arc seconds, are now comparable with the best lmlk 
substrate GaN material available.3 The consortium has compared these next-generation 
nitride films with the existing technology of the Nichia LED. Fig. 7.7 shows the micro
structure of the Nichia lamp with a dislocation density of -1011 cm-2. In addition, many 
regions of three-dimensional growth are easily observable. 
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Fig. 7.8 shows a TEM cross-section of UT GaN. Our observations show dislocation 
densities lower than Nichia, by about two orders of magnitude. In addition, the UT GaN 
has a nearly perfect interface with the sapphire substrate and is planar throughout the entire 
growth. 

Fla. 7.8 

Sapphire 1---j 
0.1 j.l.m 

Cross-sectional TEM of GaN film arowp at the Untv. of Texas by Russ 
Dupuis. The dislocation density Is -lo!P cm·l, two orders of maanitude 
lower than the Nichia material. 

TEM work has also explored the characteristics of nitride fllms grown upon SiC substrates. 
SiC is an interesting alternative to sapphire as a substrate for epitaxy of AJGaN films. Its 
main advantages lie on the good lattice match and thennal expansion properties between the 
nitride alloys and SiC. We have studied the crystalline structure of GaN films grown on 
SiC by MOCVD, using AlN buffer layers. 3 I A TEM image of a GaN fllm grown on SiC at 
SOL is shown in Fig. 7.9. The density of dislocations observed is approximately 108 
dislocationslcm2, -1 OOOX lower than the Nichia sample. 

Fla. 7.9 TEM mlcroaraph showlna the GaN/1\lN/SIC epitaxial structure 1rown at 
SDL. The dislocation density is -108 cm-2. 

A micrograph of the film is shown in Fig. 7 .10. The stacking of the 6-H SiC is visible. 
The SiC/ A1N/GaN interface is seen due to the change in sequence between SiC and GaN. 
The interface structure is almost entirely coherent, and few misfit dislocations are observed. 
The surface of the SiC is not perfectly polished with large steps in the SiC surface 
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identifiable. The hardness of SiC makes surface preparation difficult, however, a planar 
SiC surface would obviously increase the crystallinity of the epitaxy . 

Fla. 1.10 Lattice lmaae of the substrate realon of a GaN/ AIN/SIC thin ftlm. The 
AIN/SlC interface is visible by the chanae in stackin1 sequence. 

The GaN films grown on the SiC substrates also have reasonable X-ray FWHM (Fig. 
7.11). The typical rocking curve FWHMs ofGaN grown on SiC at SDL vary from 80-120 
second, with 95 seconds being a typical value. 

Fi1. 7.11 
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i
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The x-ray rockln1 curve of a GaN epitaxial layer 1rown upon an AIN 
buffer layer on a 6-H SIC wafer. 

VII.l Electrical and Optical Properties of Nitride Alloys 
Controlled doping is a critical requirement for the realization of light emitting diodes. In p
type material grown by MOCVD, activation of acceptor dopants (e.g., Mg and Zn) requires 
either low-energy electron beam irradiation (LEEBI) or thermal annealing, or a combination 
of these two processes. In contrast, p-type films have been obtained by MBE without the 
need of such post-growth treatments. The formation of Mg-H complexes during the 
MOCVD growth is likely. To understand such processes, direct hydrogenation of p-type 
GaN were studied.32 Hydrogenation substantially decreases the hole concentration in p
type material but has little effect inn-type material. (Fig. 7.12) Further studies will identify 
strategies to maximize doping. 
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I'll. '7 .12 Dependence of the carrier density on hydroaeneation temperature In 
epitaxial layen of GaN. 

We recently discovered new vibrational modes in Mg-doped GaN with incorporated 
hydrogen. 33 The modes are shown in Fig. 7.13 and form two pairs. Based on selection 
rules, one pair, room temperature frequencies of 2168 and 2219 cm-1 was assigned to 
distinct Mg-H complexes. The Mg-H complexes appear to be responsible for low doping 
efficiencies in as-grown p-type GaN. The origin of the second pair of modes at 2151 and 
2185 cm-1 is speculatively linked to the presence of diatomic molecules such as N2. 

Conf. I Conf. II 

2300 2250 2200 21SO 2100 20SO 

Frequency (em· 
I) 

Fig. '7.13 Local vibrational modes In Ma-doped, hydrogenated GaN. Also shown 
are possible hypothetical structural configurations of two inequivalent 
sites for the Mg-B complex In GaN. 

In the DLTS evaluation of GaN (see Fig. 7.14), two new electronic defects (at 0.49 eV and 
0.18 eV) were characterized in near-ideal Schottky diodes fabricated on MOCVD-grown 
GaN. 34 Important future studies will include the determination of the prevalence of the two 
newly revealed deep level defects and identification of their chemical nature. 
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DLTS on n-type GaN 
so 

Au 0.49 eV 
40 

~ --; 30 
fo 
i:il 

E 
0 
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10 

0 

100 200 300 400 

'temperature (K) 

DLTS spectrum for a Schottky diode on n-type GaN. The thermal 
activation eneriY for electron emluion Is listed next to each peak. The 
diode structure is shown In the Inset. 

Doping studies of the MOCVD GaN samples of SDL and UT are now beginning. The SDL 
samples are characterized by very low background doping by optimizing growth 
temperature_ gas chemistry, growth rate and other reactor specifics provides a solid starting 
point for the attainment of reliable n- and p-type doping. Fig. 7 .IS shows the background 
doping of a GaN sample grown at SDL. P-type conduction following a 7000C anneal step 
has been observed in GaN:Mg grown at SDL. 

Fta. 7.15 

1011 
OaNISiC 
tFA905N 
T•:Z9.5 K 

J 
.I tO" 
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~ 
= I 10" 
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1014 L--""------i.--.....L--.l....----1...1 __ ...~,t_ 

1.03 1.10 1.1.5 1.20 1.2.5 1.30 

Deplb (l.tm) 

The baekaround carrier concentration of undo~\d G!'ji arown at SDL, 
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The samples grown at UT exhibit n-type doping with a very high conductivity. implying 
that the carrier mobility may be substantially higher in these higher quality films. A Tencor 
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Sonogauge RT instrument was used to obtain room-temperature resistivity data on several 
UT samples at HP Labs. These experiments yielded very reproducible resistivity values of 
-0.004 0-cm for the best samP.les. The corresponding mobility-carrier concentration 
product was found to be -1.5xl()21 (V-s-cm)-1. The Tencor instrument routinely produces 
GaAs resistivity values in excellent agreement with van der Pauw measurements taken on 
the same GaAs samples. Initial Hall measurements on our GaN layers using the van der 
Pauw technique were inconclusive, but indicated the ftlms to be heavily n-type with net 
carrier concentrations of n-8x1QI8 cm-3. Coupled with the mobility-carrier concentration 
product, this would imply a mobility of J.Ln-190 cm2N -s, which is encouragingly high for 
this doping level and film thickness. For comparison, Figure 7.16 shows the mobility
carrier concentration product as a function of thickness for our best sample along with 
previously reported GaN/ Al20J electrical characterization data. 
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Fig. 7.16 Dependence of the mobility-carrier concentration product {at 300K) upon 
layer thickness for one of our GaN/sapphire films and recently 
published data from other aroups for thicker GaN/sapphire films. 

VII.3 Computational Analysis 
Xerox PARC bas carried out state-of-the-art flfSt-principles calculations on atomic and 
electronic structures of compound semiconductors, including properties of binary bulk 
materials, alloys, defects, and interfaces. Previous work on many aspects of ill-V material 
physics places Xerox P ARC in an excellent position to tackle the theoretical understanding 
of GaN, its alloys, defects, and interfaces. Extensive test calculations brought to light 
severe deficiencies in the computational approaches used by other groups. In particular, it 
is important to include both proper treatment of the Ga 3d electrons in the calculations35 
and interactions beyond nearest neighbors. Because of the small lattice constant of GaN, 
interactions between second-nearest-neighbor Ga atoms can be quite sizable, and affect the 
electronic properties. The tight-binding approach does not reveal this detail. 
While the wurtzite phase is the ground state for GaN, the cubic phase bas been found to 
occur during growth on appropriate substrates. Analysis shows that the atomic structure is 
extremely similar, and that the differences in formation energies are negligible. The 
electronic structure exhibits some change, attributable to the lowering of the symmetry 
when going from zincblende to wurtzite. These effects are illustrated in Fig. 7.17, for the 
case of vacancies. Overall, the native defects are expected to behave very similarly in the 
both phases. 
The shortcomings of a tight-binding treatment36 in predicting the properties of the nitrogen 
vacancy are due to considering only nearest-neighbor interactions. As a result, the splitting 
of the Ga-dangling-bond-related defect levels is severely underestimated. 
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Schematic: Illustration of the electronic: structure of tbe aalllum and 
nltroaen vacancies in c:nbic: and wurtzite GaN. For comparison the 
resultJ of a tiaht·blndina calculation are shown. 

15 ...... N vacancy ·--· Ga vacancy 
+--+ N antisite 
+---+ Oaanmite 
............... NinL .. ---· Ga int . 

10 

0 
0 1 2 3 

Ep (eV) 

Formation energies of native defects in GaN as a function of the Fermi 
level, under nitrogen-rich conditions. EF=O corresponds to the top of 
the valence band. Only vacancies have formation energies which are low 
enough to allow them to oc:c:ur In appreciable concentrations. 

The results for formation energies of the various native defects are displayed in Fig. 
7 .18. 37 Under conditions of thermodynamic equilibrium, the formation energy of a defect 
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determines the concentration of the defect. It is seen from Fig. 7.18 that interstitials and 
antisites have formation energies which are too high to allow these defects to appear in 
appreciable concentrations. Only vacancies are found to be energetically favorable. 
The fact that the formation energy depends on the Femri level is related to the occurrence of 
native-defect-induced levels in the band gap. TheN vacancy behaves as a donor. However, 
as can be seen from Fig. 7 .18, the formation energy of the isolated nitrogen vacancy in n
type material is quite high, -4 eV, so that its concentration will be negligible. Thus, then
type conductivity of as-grown GaN is not attributed to the nitrogen vacancy. 
VII.4 Device Related Prior Work 
Boston University has begun device development including the characterization of p-type 
films, the development of working contact schemes, the construction of working p-n 
junctions, LEOS, and preliminary work concerning reactive ion etching (RIE) of nitride 
alloy thin ftlms. 
Recent progress in the etching of nitride alloys is summarized in Fig. 7.19 and Table 7 .1. 
A typical etch rat~. for a base pressure of 11 mT and a cathode voltage of 600 V, is a 
maximum of 200 A/min, or approximately 1 J.UDihour. These rates are sufficiently high for 
many device fabrication steps, including the fabrication of semiconductor laser diode 
facets. The etch rate can be raised further by decreasing the base pressure of the system as 
shown in Fig. 7.19.38 
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The etch rate of GaN as a function of aas pressure. 

Table 7.1 Etcbina rates of GaN (llmT and V = 600 V) 

Gas Etching Rate (A/min) 

CCI2F2 185 
CF3Br 150 

CF3Br/Ar (3:1}_ 200 
CF4 120 
SF6 100 

H_2CB4 (2: 1) 30 
Ar 65 

12 
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The achievement ofp-type doping is illustrated in Fig. 7.20 which shows (left panel) the 
mobility of p-type GaN versus reciprocal temperature and (right panel) the hole 
concentration of Mg-doped GaN from ECR-MBE. 
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Fl&. 7.20 P-type dopin1 in ECR·MBE GaN. 

The achievement of p-type doping cour~ with the achievement of reliable Ohmic contacts 
has produced a working p-nJunction from the Boston group as shown in Fig. 7.21. 
The LED has a tum-on voltage of approximately 3 V DC and has an emission spectrum 
cente~d at -2.8 eV, a deep blue color.39.40 
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Fl&• 7.21 The operation of the p·n Juac:tioa LED. 

VII.4 Current Commercial LED Technology 

u 3.4 

HP bas been collaborating with outside laboratories to evaluate the various blue 
technologies for the past few years. With the commercial availability now of bright blue 
and green LEDs from Nichia Chemical Corp., it seems apparent that the GaN system will 
dominate the wide bandgap LED field. The IT-VI devices have severe reliability problems 
and there is no solution on the horizon. The reliability of the GaN system is expected to be 
much better. HP has been evaluating LEDs from Nichia Chemical Corp. While the early 
results have not confirmed their long term reliability, as will be discussed below, the 
primary degradation exhibited by the Nichia devices is due to device design and processing 
rather than an inherent problem with the materials system. Extensive longer term reliability 
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studies are not yet complete. A summary of the salient features which have not been 
published by Nichia or others follows. 

Table 7.2 compares the performance of the Nichia blue and green LEDs with existing high 
brightness LED technologies. The efficiency of the blue GaN device is >40X the efficiency 
of the existing commercially available SiC blue LEDs. 

TABLE 7.2. LED Performance Comparison 

Material System( color) A. (nm) E.Q.E. (%) Flux (mlrn) Vf(V) 

TS AlGaAs(red) 6SO 16 320 1.8S 
TS AllnGaP(amber) S90 11 800 1.9S 
LPE GaP: N(green) S72 0.4 120 2.2 

SiC(]:)lue) 482 0.04 4 3 
InGaN(blue) 471 2.S 190 3.8 

InGaN(green) S27 2.6 480 3.6 

The efficiency and power out versus drive current for the Nichia blue and green LEDs are 
shown in Figure 7.22(a) and (b) respectively. The LEOs exhibit a well-behaved I-V 
characteristic with external efficiencies that peak at 3% and 4% for the green and blue 
emitters, respectively. The saturation of the efficiency is a consequence of utilizing aD-A 
recombination mechanism for optical recombination. 
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Fla. 7.22 The electro-optical performance of the Nlchia LEDs. 

10 
0 

Luminescence spectra for both the blue and green emitting devices are shown in Fig. 7 .23. 
The dominant emission mechanism is due to donor-acceptor pair recombination. At high 
current levels the impurity band saturates and bandedge emission becomes predominant. 
The LED chips are separated by scribe and break techniques, which appear to result in a 
low yielding process. Most LED chips are separated by sawing. 
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I'll. 7.23 The optical emission spectra for the blue (left) and 1reen (rlaht) LED. 

An SEM micrograph showing an overview of the Nichia LED is presented in Fig. 7.23. As 
noted thereon, a semi-transparent metallic current spreading layer is used to provide 
uniform emission from the diode, increasing the extraction efficiency. The n- and p-type 
metallization schemes have been determined as A.llfi and Au/Ni, respectively. A current
blocking layer is used to prevent light generation below the top (p-type) bonding pad and 
force the current through the emitting region. This further increases the extraction efficiency 
of the die. 

Fig. 7.23 An SEM image of the Nichia LED. 

The epitaxial layer structure has been determined by SIMS. The structure differs from what 
has been published by Nichia in that the lower cladding layer of the double-heterostructure 
does not contain Al. This data is presented in Fig. 7.24. 
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The Nichia LED exhibits considerable degradation, even under normal operation at room 
temperature as shown in Fig. 7.25. An intensive effort well beyond the limitations of this 
text, has revealed that the primary failure mechanism is breakdown and leakage through the 
clllTent-blocking layer underneath the p-type contact. The structural integrity of the nitride 
materials appears to be unaffected by normal operation of the LED. 
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The industrial partners of the consortium are leading manufacturers of optoelectronic 
components and systems. HP is the largest supplier, in dollar volume, of visible light 
emitting diodes in the world with strong product lines throughout the red, amber, yellow, 
and F.en portions of the visible spectrum. HP is also a systems company involved in 
sophisticated instrumentation, computers and computer memories, and printing. Xerox is a 
world leader in high-performance optical systems including copiers, printers, systems 
reprographics and network systems. SOL is the leading supplier, worldwide, of OEM 
high-power laser diodes and laser diode optical systems. 
The material development program will lead to the demonstration of coiiUilercially viable 
LED technology and prototype LD technology. Blue and green LED commercial 
introduction, while not a milestone of the program, is certainly the over-riding goal of HP. 
At the end of the two-year base program. HP will have a solid materials knowledge base 
with prototype high-performance LEOs, and will begin the development of high-volume 
manufacturing technologies. At the end of the third year option, HP will be well into the 
process of commercialization of the technologies developed throughout this program. 
The LD technology will be at the prototype demonstration at tlie end of year two. The third 
year program is focused on the fabrication of single-mode CW laser diodes with output 
powers on the order of 10 mW. The single-mode laser diode technology is required to 
access many of the markets listed below. The development of volume manufacturing 
technology for the laser diode would begin in year four. 
It is the intent of the consortium to produce high-volume components to satisfy existing and 
emerging applications and to integrate these enabling components into consumer products 
produced both by members of the consortium and other manufacturing firms. 
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VIII.2 Market Analysis for AIGalnN Materials: 
The introduction of blue LEOs and laser diodes addresses existing markets and enables 
future markets, primarily via cost reduction when compared to existing component 
technologies. The markets immediately available for the LED consist of automotive 
applications, traffic management displays, and the commercial signage . industry. The 
availability of cost effective, high performance blue and blue-green LEOs alone would 
rapidly double the market for LED lamps and displays, which is currently estimated at 
$1.2B. 
HP Optoelectronics Division is the world's leading manufacturer of light emitting diodes in 
terms of sales dollars, and is among the largest (including Japanese) producers in volume. 
HP is much larger than any non-Japanese producer. Most recently HP has announced its 
super bright TS AllnGaP LED which exhibits 80 Cd at 20 mA drive current. These LEOs 
are manufactured using MOCVD technology. HP is vertically integrated, growing bulk 
single crystals, growing epi layers via hydride VPE, LPE, and MOCVD, fabricating LED 
chips and displays and shipping these to customers worldwide. HP has a renowned m-V 
materials technology R&D effort. This expertise has allowed the development of the worlds . 
brightest LEOs and the transfer to cost effective, large volume manufacturing (many 
millions of devices per month). HP is accelerating its GaN program over the next several 
years to bring this blue and blue-green technology to the market place. HP intends to 
leverage the high volume MOCVD technology utilized for AllnGaP production to develop a 
AllnGaN devices. In order for blue LEOs to find wide market acceptance, their price must 
be in the $0.20 ea. range, with an unpackaged chip cost somewhere in the $0.05 ea. range. 
Automotive industry desiprs consider LEOs the technology of choice for back lighting of 
instrument clusten, convenience switches, LCD displays and climate control panels. 
Availability of blue LED technology would enable all vehicle lighting to be fulfilled with 
LEOs. In the traffic management industry, makers of traffic signals have demonstrated 
substantially reduced electrical power consumption and operating costs through the use of · 
high performance red (stop) and amber (caution) LEOs. Blue-green LED technology (go) 
will enable an all-LED traffic light. Blue LEOs will enable substantially greater usage of 
LEOs as full color signs capable of conveying greater information through graphical 
displays become common. 
To project the cost of the finished devices, HP will use cost models developed for the 

. AllnGaP high brightness devices. The overriding cost factor is overhead: occupancy, 
depreciation, maintenance materials, expensed equipment, indirect labor, and direct labor 
payroll tax and benefits. Direct costs for materials and labor play a relatively small part. 
Lamp cost ultimately is driven by (1) process yields (ept, wafer fab, die fab, and 
assembly), (2) die size (influences the number of die per wafer; important since a wafer is 
the primary unit processed through the maJority of the high costing steps), and (3) volume
the greater the volume the lower the cost smce the relatively fixed overhead costs are spread 
thinner and thinner with increasing volume. 
SOL, Inc., is the largest dollar volume manufacturer of semiconductor lasers worldwide. 
The facilities of SDL are vertically integrated containing a complete semiconductor laser 
diode fabrication facility, opto-mechanical packaging facility and global marketing. The 
semiconductor lasers developed within the framework of this proposal will rapidly exploit 
existing high-end markets, where a high unit cost can be tolerated, followed by penetration 
into mass consumer marketplaces where the laser unit cost must be on the order of a few 
dollars for a read blue laser diode and -$10-100 for a higher-power single-mode read/write 
laser. 
For the semiconductor laser diode, the most immediate market is the replacement of the Ar 
ion gas laser. The Ar laser is used at the 5-25 mW output power level. The market for these 
lasers, selling at $3.5K each, is approximately 12,000 units per year giving a total revenue 
for this market of $42M. The second market is biotechnology, where blue lasers are used 
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for cell sorting and DNA sequencing. This market is price sensitive, however, at the laser . 
unit price of $1 K. the biotech market will be expanded by an additional 40,000 units per / J 
year. Thus. immediate replacement markets represent yearly revenue of approximately 
$80M. 
In the longer term, three broad markets are available; printing, optical storage, and 
displays. The projected market for optical printing is shown in Table 1. All dollar figures 
are for constant 1993 dollars, i.e .• zero inflation. 
Tabl 1 Th ket fi ti al . tin e . emar orop1 c pnn lg. 

Year 1993 1998 2003 2008 2013 

Ualts (Millions of Units) 3.6 7.2 11.6 16.3 20.8 
Revenue (Billions of Dollars) 3.3 !5.1 8.2 ll.S 14.8 

Although many comparues sell laser pnnters the vast majonty of low-end pnnters use the 
Canon engine, with an OEM price of $75. The price of the complete laser pnnter is likely to 
decrease slowly from a current average printer price of $920 to an average printer price of 
$710 in the year 2013. The cost of the laser diode source will at maximum represent 10% 
of the engine price, thus, the printing market will likely require laser diodes in the price 
range of $5. Furthermore, blue laser diodes will be a minority of the lasers used for 
printing; potentially capturing 10% of the market. Based upon unit sales of 3.6 million in 
1993 increasing to 20.8 million in 2013, the total potential market for blue laser diodes in 
printing is currently $1.8M and increases to $10.8M in 2013. 
In the high-end printing market, the laser is not such a price-sensitive element. According 
to detailed market studies of general office usage, the xerographic marks on paper industry 
in the US had a value of $48B in 1990 and is expected in increase to about $12SB in the 
year 2000. With the advent of high speed xerographic engines an increasing fraction of the 
much larger print shop market will be captured. The blue diode lasers made available in this 
program will complement the red and IR lasers already used in laser printing systems. The 
immediate impact will be to allow the use .of more stable photoreceptors for high speed 
printing. 
The optical storage industry represents a much larger market. Data storage, both magnetic 
and optical, represented a $24B market in 1992. Currently. CD-ROM is the most visible 
optical storage device. The CD-ROM uses low-power 780 run laser diodes. Because the 
packing density of optical storage varies as the reciprocal of the wavelength squared, 
moving the wavelength to UV wavelengths dramatically increases the capacity of the CD
ROM system. 
Table 2. Worldwide Optical Memory Market 
Year 1993 1998 2003 2008 2013 

CD·ROM 
Units (Mi11ion) 2.5 8.0 8.0 3.0 2.0 
Revenues ($ Billion) l.O 2.4 2.0 0.6 0.4 

Read/Write 
Units (Million) o.s 3.5 8.8 16.9 26.8 
Revenues ($ Billion) 1.0 3.9 8.7 15.4 24.2 . ... 
Due to the development of optical data storage systems that feature readlwnte capabilines, 
CD-ROM market will peak at approximately $2.4B and subsequently decrease. The market 
for read/write optical systems is $l.OB and increases to $24.2B in 2013. The pricing of the 
read/write data storage system is -$1000 dollars/unit. Of the system total price, -$100 will 
be directed to the read/write engine. The blue LD will require an output power of -10 mW 
for writing and a power of -1 mW CW for reading. In volume, the laser price can only 
represent -10% of the total cost of the read/write unit, or about $10 dollarsnaser diode. 
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Thus, the blue laser diode market is currently $5.1M and will increase rapidly to $0.27B in 
the year 2013. The comparison of the CD-ROM and read/write market is shown in Table 2. 
It should be stressed that although most laser printing applications can be envisioned 
without the fabrication of the blue laser diode, optical storage is absolutely reliant upon the 
blue or UV laser. The alternatives to the LD include frequency-doubled high-power . 
semiconductor LOs or semiconductor pumped upconversion lasers. The complexity of the 
frequency-doubled source virtually insures pricing incompatible with consumer markets. 
Although interesting, the upconversion laser is expensive, extremely fragile, and requires 
external components for modulation, three attributes that the consumer market will not 
tolerate. Thus, for consumer-oriented optical memories, the blue LD is an enabling 
technology. The fabrication of a blue LD will exclude other blue sources from the 
marketplace in optical storage. The last market that should be considered is simple 
illumination. The efficiency of red, orange and yellow LED lamps now exceed that of 
common tungsten lamps. Highly efficient green and blue emitters will make feasible 
efficient semiconductor light sources. 
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Summary: Milestones 1 and 2 are completed. Milestone 6 is 
partially completed. 

Milestone Ill (UT), Milestone Complete 

UT Austin 
• Prepared by: Russ Dupuis, UT Austin 
• Milestone #1: Complete plans and piping for installation of Emcore HT "D" reactor 

system. 

• Summary: 
1. We have completed the installation of the EMCORE 0125 Nitride reactor, including 

connection of the electrical power, cooling water, process gas lines hydrogen line, toxic 
szas monitors, exhaust, etc. 

2. \ve has sent samples of AlGaN/sapphire to Dr. Fernando Ponce of Xerox PARC for 
analysis. 

3. We have installed a SiH4 gas line for n-type doping of the EMCORE GS3200 existing 
reactor. 

4. We have initiated further studies of undoped and doped GuN/Sapphire filrils. 

Milestone 112 (ATM, AXT), Milestone Complete. 

ATM, Inc. 
• Prepared by: Mike Tischler, ATM 
• L\-lilestone #2: Complete plans and facilities for reactor for GuN growth 
• Summary: 
The program to date is ahead of schedule. Our objectives were to complete the plans and 
facilities for the GaN reactor. The reactor is virtually completely constructed at this point. 
This includes a vented reactor cabinet. the plumbing for all gases and exhaust. the heating 
system, quartzware and valve control electronics. Safety features built into the reactor 
include automatic shutdown upon detection of hydrogen. overpressure of the reactor, loss 
of carrier gas or loss of compressed air. All facilities including electricity. compressed air. 
proct!ss gases. cabinet and process exhaust have been booked up. The process exhaust is 
scrubbed using an A TMIIEcoSys dry scrubber. 



Plans for Forthcoming Reporting Period 
In the next reporting period we will focus on bringing the reactor on line. This will include 
leak checking and temperature profiling. 

-AXT 
• Prepared by: Heikki Helava, AXT 
• Milestone #2: Establish detailed program plan and schedule with HPRC/UNIPRESS 

• Summary: 
Gantt Chart included with report; however, it is subject to revision. AXT has initiated the 
effort for bulk crystal growth which is required under the Blue Band Program. Discussions 
and negotiations have been carried out with the High Pressure Research Center (HPRC, 
also called UNIPRESS) to establish the effort required to meet the deliverables objectives 
of the program. A subcontract has been established with HPRC by AXT and HPRC has 
delivered a program plan and the first samples of bulk single crystal GaN to AXT. 

Milestone #6 (AXT, ATM, BU), Milestone Partilllly Complete. 

AXT 
• Prepared by: Heikk:i Helava, AXT 
• Description: BB.4 #6 Deliver 2 mm scale GaN single crystal substrates to the 

consortium for study 

• Summary: 
Completed. Sample and micrograph delivered to Noble Johnson at Xerox-PARC 6/12195. 
The 2 mm scale GaN samples which were delivered to AXT cover a range of growth 
modes of the crystal ranging from rod-like strucrures to smooth platelets. One platelet (SN 
0065, copy of micrograph included with this report), as per AXTs SOW, with a smooth 
surface was delivered to XEROX-PARC for characterization. According to HPRC's 
characterization, the s~ooth face is atomically flat and epi-ready; however. the samples 
need cleaning and HPRC has not been able to establish entirely satisfactory cleaning 
procedures. The other face of the sample and both faces of very large crystals grow in 20-
40 angstrom stt:ps. In order to utilize these crystals as substrates for cpi-growth surface 
preparation will be necessary. 
AXT is exploring the ductile diamond grinding of ultra-hard materials with Horizon 
Technology Group and NIST. AXT is also examining the laser polishimz of GaN surfaces 
using excimer lasers. We plan to submit one sample to LPL, Inc. or Lambda-Physik to 
explore the energy requirements for laser processing GaN. Results from these tests will be 
reported in subsequent periods. 
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Technical Summary 

• All milestones of Quarter One have been met. 

• The Blue Band gave a kick-off presentation at Big Sky '95, copy of presentation included. 

Milestone Report: 

Milestone 3. 

• Emcore reactor installed and operational 

Hewlett-Packard 

The Emcore 3300 GaN MOCVD reactor (SIN 5182) installation was completed 25 January 

1995 and the initial acceptance growth runs were begun 6 February 1995. Early hardware 

problems were corrected, and the reactor acceptance was 
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completed on 8 March 1995. Over 150 growth runs have been perfonned in this reactor to 

date, investigating the effect of process variables such as GaN growth pressure 55-200 Torr), 

temperature 1020-1055°C), susceptor rotation (500-1000 rpm) and process gas flow rates 
(TMG, SiH

4 
NH

3 
and H

2
). 

Both GaN and AIN buffer layers have been investigated. It was determined that the best 

electron mobilities in n-type GaN films were achieved for those grown on GaN buffer layers 

21 nm thick, with significant reductions in mobility as one moves away from the optimum 

thickness. The mobility of n-type GaN grown on AIN buffer layers is much less sensitive to 

buffer layer thickness, but has lower peak mobility than those grown on GaN buffer layers. 

• Studies of SL ButTer Layers 

University of Texas at Austin 

Studies of SL buffer layers have been initiated. We have been working on superlattices 
constructed of AIN and GaN thin layers grown on (0001) Al

2
0

3 
substrates. Our first efforts 

are still being characterized at this time. 

• Deliver GaN/Al203 and GaN/SiC to Xerox SDL, Inc. 

• 

SDL, Inc. has sent GaN grown on A1
2 
0 

3 
and SiC to Xerox for characterization. The sample 

of GaN/Al20 3 will be discussed in detail within this milestone summary. The results of the 

GaN/SiC characterization will be discussed in Milestone 7 of the next quarterly report. 

Structural Characterization of GaN/AI
2 
0

3 

Xerox 

The role of the substrate interface is critical for heteroepitaxy. The atomic arrangement at the 

interface between the substrate and the thin film determines the structural characteristics of 

the epilayer. One of the first activities in our research on ill-V nitrides for blue laser diodes 

has been in the understanding of the crystalline structure in the region next to the substrate. 

GaN thin films have been studied using cross-section TEM. The films were grown by metal 
organic chemical vapor deposition on (0001) Al203 substrates, using the well established 

approach of growth of buffer layers at low temperatures (520 to 550°C), followed by growth 

of the GaN epilayer at high temperatures (1020 to 1050°C). The most commonly used buffer 

layers are AIN and GaN. In this portion of the report we present the results we have obtained 

about the crystalline structure associated with growth using AIN and GaN buffer layers. No 

intentional doping was introduced. 

2 



A Epitaxy of GaN using AIN buffer layers 

These films were grown at SOL using TMGa, TMAI, and ammonia as sources. The film 

exhibited good crystalline and electronic properties, with x-ray diffraction rocking curves full 

width at half-maximum (FWHM) between 4 and 5 arcmin, and room-temperature electron 

concentrations at about 5xl015 cm·3• 

A lattice image of the AIN/ Al
2 
0 

3 
interface is shown in Fig. 1. The sapphire lattice is viewed 

in the < 1-1 00> projection, with the basal (0006) plane and the ( 11-20) type planes appearing 

in horizontal and vertical projections, respectively. The buffer layer and the AIGaN ftlm are 

observed in their <11-20> projection, where the horizontal corresponds to the basal (0002) 

planes and the vertical to the { 1-100} type planes. A schematic diagram of the AIN/Al
2
0

3 
is 

shown in Fig. 2, where proportional projections of the lattices indicate the relative 

arrangement of the atomic species viewed in Fig. 1. Fig. 3 shows the atomic arrangement of 

the (0006) and (0002) basal planes of sapphire and AIN, respectively. A configuration 

satisfying the valence requirements is shown in Fig. 4. This configuration, where an 

aluminum atom is bonded to three oxygen atoms in the lower atomic layer, and to two 

nitrogen atoms in the upper layer, would give rise to a coherent, neutral interface. However, 

AIN grows in the direction of the basal planes, and instead of a two bonds to N in the vertical 

direction, it either has one or three depending on whether growth is in the polar (000-1) or 

(0001) directions, corresponding to growth with AI or N on top of the basal plane, 

respectively. In the following analysis we consider the implications of the two polar 

orientations, on the observed high resolution images. 
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Figure 1: Cross section. TEM, lattice image of the substrate 
region of a GaAIN/ AIN/ Al

2 
0 l thin film showing the atomic 

arrangement at the respective Interfaces. 
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GOxnen 
~-1~-i·-... AIUIIIillwn 

0Mtrogt~~ 

<11·20> AIN I <1·100>Sapphlre <1·100> AfN I <11·2G>Sapphlnt 

Fipre 2. The atomic arrangement of the (a) Al:~.03 and (c) AIN lattice structures projected onto 
the basal plane. The bonding configuration between aluminum and the adjacent neighbors is 
viewed in direction nonnal to basal plane in (b) Al,0

3 
and (d) AIN. 
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(b) 

(c) (d) 

Figure 3 the atomic arrangement of the (a) A1
2
0

3 
and (C) AIN lattice structures projected onto 

the basal plane. The bonding configuration between aluminum and the adjacent neighbors is 
viewed in direction normal to basal plane in (b) AI 0 and (d) AIN. 

Nit~en 

(a) (b) 
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Figure 4. Atomic bonding configuration of Aluminum between its oxide and its nitride, 
satisfying the covalent bonding requirements. 

Figure 5 shows two different projections of the same region of the AIN/Al20 3 interface. 

These are the same projections depicted in Fig. 2, and are obtained by rotating the specimen 

30 degrees about the c-axis. The symmetry of the spots observed in these two projections 

indicates that the atomic sites are represented by bright regions of the image. For AIN, each 

bright spot corresponds to an Al-N pair in the [01-10] projection, and a bright line (spots are 

not always resolved) in the 11-20 projection. 

Figure 5. Lattice images of the AIN; Al
2
0

3 
interface taken in the (a) [01-10] and (b) [11-20] 

projections of the same interface region. 

Figure 6 shows the atomic arrangement expected for the two possible polarities discussed 

above. In model A. Al occupies the top position in the AIN lattice. Interatomic separations of 

the Al-N and the Al-0 bonds are used in these diagrams. The interplanar separations in the c

axis direction is plotted in Figure 6. A comparison of the two models and the experimental 

values, as shown in Figure 7. indicates that Model B is most likely associated with our 
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observations. This means that the AIN film has grown with N at the top position of the basal 

plane. It must be noted that the polarity of growth is determined in the solid-phase 

crystallization process. 

Mod1ll 

t0001J 

AIN 

.,, 

l1f001 

Ooaygen 
eAIYII\lnuM 

ONhroeen 

Figure 6. Two possible models of the AIN/ Al
2 
0 

3 
interface. The AIN film in model A is in the 

(0001) orientation with AI on the top of the basal plane, and in model Bin the (000-1) 
orientation with N on the top of the basal plane. 
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Figure 7. Interplanar separation across the Al 0 lAIN interface. 

Milestone 4 

• Initiate studies oflnGaN growth in "B" reactor. 

University of Texas at Austin 

Milestone 5 

We have initiated studies of InGaN growth in B reactor. Thin fllms of InGaN 
have been grown by MOCVD on GaN buffer layers grown on (0001) Al

2
0

3
• 

These films have been examined by X-ray diffraction rocking curve 

measurements. A FWHM value as low as 145 arc sec have been measured for 
an InGaN film -o.l micron thick. 

• Metal Contacts for n-type GaN Films 

Hewlett-Packard, SDL 

Both institutions have verified that Til Al as a core technology works well for n-type GaN. 

The literature shows that the best metal contact for n-type GaN is 20 nm of Ti followed by a 

thick Al layer for good wire bonding yield. We deposited evaporated Til Al films through 
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resistance-heated boat evaporation. The Til Al n-type contacts were tested on n-type GaN 

samples with two different doping levels, 3.0xl011/cm3 and 1.2xl019/cm3
• Wafer dot-to-dot I

V curves are attached for the as-deposited metal contacts, as well as after annealing at 400, 

500 and 600°C for one minute, and after annealing at 600°C for five minutes. All of the 

annealing experiments were performed in a Heatpulse 210 rapid thermal annealer 

manufactured by AG Associates. 

All of the fllms made ohmic contacts to the highly doped Si:GaN wafer, with lower 

resistance seen for increaingly more intense anneal conditions, as expected. It was not 

possible to make ohmic contact to the 3.0xl011/cm3 Si:GaN film prior to annealing. The 

evaporated TJ/Al contact gave the lowest resistance, followed by the sputtered TiW/Al. 

10 
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• 

Contact resistance was measured by a standard TLM technique. We used 2.5 mm thick GaN 

fllm on sapphire substrate. Electron concentration in the film was n = 1010
11 

cm·
3 

and 

mobility m = 180 em 
2 v·1 

s ·
1
• Pairs of rectangular contact pads 250 mm by 100 mm with the 

spacing between pads varying in the nominal range of 5-25 mm were patterned by a lift-off 

procedure. A titanium layer with a thickness of 40 nm was fust deposited by RF sputtering in 
Ar at the pressure of 10.

3 
Torr followed by aluminum layer 200 nm thick deposited by 

thermal evaporation. After the lift-off procedure, contacts were annealed in an RTA in an 

argon/hydrogen atmosphere. An annealing cycle consisted of the 30 second temperature 

ramp to 650°C, 30 second hold at this temperature and 1 min cooling to the room 

temperature. An actual spacing between contact pads after annealing was measured in a 
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scanning electron microscope. A typical dependence of the resistance between pads on the 

spacing for Til AI contacts annealed at 650°C is shown in Figure 9. An extrapolation to zero 

spacing gives a resistance value of 0.7W, which in turn yields a value. of 8010.
5
Wcm

3 
for a 

specific contact resistance. An annealing at higher temperature (up to 850°C) did not result in 

significantly lower values of the specific resistance. 

R,n 
Pad area a = 2.& 1 o·4cm2 

spacing, llm 

Figure 9 

• Deliver GaN with n-type impurities to Xerox for materials characterization. 

SDL,BP 

Both SOL and HP have delivered n-type (Si-doped) samples to Xerox for analysis. The 

analysis of these materials follows. 
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Initiate Electrical Characterization orGaN 

Xerox 

We have initiated electrical characterization of GaN thin films grown on sapphire c-plane 

subtrates. The variable temperature Hall effect measurement is a well-established and 

suitable tool to study the electronic properties of impurities or native defects, investigate 

scattering mechanisms that limit the carrier mobility, and determine the concentration of 

compensating centers present in the GaN epi layers. This information is essential for the 

growth of electronic-grade material that can be used in light emitting diodes (LEOs) or laser 

diodes(LDs). 

The Hall effect measurements were enabled by using a Van der Pauw geometry for the 

Ohmic contacts. The contacts were fabricated by vacuum deposition of fust Ti (200A) and 

then Au (2000A) in the four comers of S x S mm
2 

samples. These contacts exhibited Ohmic 

current-voltage characteristic over the entire temperature range of the Hall effect· 

measurements (80K - SOOK). 

For n-type films, the Hall effect data result in electron concentrations (Hall scattering factor 

is assumed to be of unity value) and electron Hall mobilities as functions of the sample 

temperature. With this data, activation energies for donors, their concentration and the 

concentration of the compensation can be estimated. 

The samples investigated are listed in Table I: 
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In addition to the Hall measurements, some samples were also characterized by room 

temperature (2K) photoluminescence (PL) spectroscopy. PL measurements reveal the 

· presence of electronic states in the bandgap of semiconductors which may act as efficient 

recombination centers in LEOs or LOs. These electronic states may be useful in LEOs but 

need to be eliminated in LOs. In both cases characterization of these levels and the relation of 

their appearance to growth conditions is extremely important. 

A. Hall effect results 

Hall effect data obtained from unintentionally doped, n-type GaN films are presented in 

Figure 1 (# 50331a) and 11 (#B938N). Figures lOa and lla show electron concentrations as a 

function of the temperature. The solid squares refer to the experimental data while the solid 

lines are results of fitting the charge neutrality equation to the experimental data. The fits 

show evidence of the presence of two independent donors in both samples. The activation 

energies for the donors, their concentration and the concentration of compensating acceptors 

are summarized in Table II. 

Figure lOb and llb show the mobility measured with Hall effect as a function of sample 

temperature. The mobility at room temperature (300K) is 568 cm
2
Ns and 
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Flpre 10: Electron concentration vs reciprocal temperature (a) and electron mobility vs 
temperature (b) measured with Hall effect from an unintentionally doped OaN fllm. The solid 
squares refer to the experimental data. The solid line in Figure lOA results from a fit of the 
charge neutrality equation to the experimental data. 
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Figure 11: Electron concentration vs reciprocal temperature (a) and electron mobility vs 
temperature (b) measured with hall effect from an unintentionally doped GaN fllm. The solid 
squares refer to the experimental data. The solid line in Figure lla results from a fit of the 
charge neutrality equation to the experimental data. 

410 cm
2
Vs and the maximum mobility is 950 cm

2
Ns at 150K and 776 cm

2
Ns at 150 K for 

sample# 50331a and# B938N, respectively. 

In Figure 12, similar results as in Figure 10 and 11 are shown for a GaN sample (#19) which 

was intentionally doped with Si. The electron mobilities measured in this sample are 501 

cm
2
Ns and 764 cm

2
Ns at room temperature and at 160 K, respectively. Results obtained 

with the fit of the charge neutrality equation to the experimental n vs. 1tr data for sample # 

19 are also summarized in Table II. 



Table ll lists activation energies and concentrations of donors and compensation evaluated 

from variable temperature Hall effect measurements of the GaN samples available in the time 

period of this report. In addition, room temperature and maximum electron mobilities are 

shown. The data show the presence of a shallow donor with an activation energy- 15 meV 

to be present in all the GaN samples. This donor is likely to be the "autodoping" center that is 

responsible for the n-type conductivity of unintentionally doped GaN films. Its chemical or 

structural nature is still unknown but Si, 0 or nitrogen vacancies are likely candidates. 

a) Temperature (K) b) 
200 100 104 'I . 

~ n-type GaN (undoped) 

~ 
#SOL B938N 

e -U) 
(J 

~ -c e ,g u - -g 
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(J c 
c e e t5 

' j JZ w • 
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' 1Q18 102 . ' 'I . 
2 4 6 8 '10 12 101 102 103 

1000 IT (1/K) Temperature (K) 

Figure ll: Electron concentration vs reciprocal temperature (a) and electron mobility vs 
temperature (b) measured with Hall effect from a Si-doped GaN fllm. The solid squares refer to 
the experimental data. The solid line in Figure 12a results from a fit of the charge neutrality 
equation to the experimental data. 
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There is also evidence of a second donor species in the investigated GaN f11.ms. fllms grown 

at SOL show a second donor with an activation energy of -90 meV, while sample grown in 

the EMCORE reactor(# 15, # 19) at HP exhibits a second donor with an activation energy of 

-30 meV. Sample# 50331a which was also grown at HP but in a horizontal MOCVD reactor 

shows evidence of a deep donor level with an activation energy of -400 meV. These second 

donor levels are likely to be related to impurities. 

B. PI spectroscopy 

Three of the samples listed in Table I(# 15, # 19, and# 50331a) were characterized with 

room temperature and low temperature (2 K) PL spectroscopy. As an example a PL spectrum 

taken at 2 K from sample# 50331a is shown in Figure 13. The PL was excited with the 325 

run line of a HeCd laser and the spectra were recorded in the wavelength range from 300 nm 

to 750 nm. The spectra shown in 
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Figure 13: PL spectrum taken at 2K from an unintentionally doped GaN filin. The PL lines are 
identified by labels. 

Figure 13 exhibits a narrow peak at 357 nm (3.476 eV) which is related to the recombination 

of a donor-bound exciton. The full width at half maximum of this line is 2.4 meV. This 

narrow line width of the BE exciton lines is evidence for the high crystalline quality of filin * 
50336a. The spectrum also exhibits recombination between shallow donor and acceptor 

levels (zero phonon lines at 379 nm and 382.4 nm) and the yellow luminescence band 

centered at - 550 nm. 

• Theoretically Investigate Native Defects in GaN 

Xerox 

Defect levels and formation energies of native defects are important to understand the doping 

properties of GaN. We have used state-of-the-art total energy methods to calculate formation 

energies, atomic geometry, and electronic structure of all native defects for all relevant 

charge states. The calculations employ density-functional theory and soft Troullier-Martins 
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pseudopotentials which take the Ga 3d electrons explicitly into account. Atomic relaxation 

was fully taken into account. Details of the method can be found in Ref. [1]. 

The calculations were performed both for GaN in the wurtzite structure (which is the stable 

phase for bulk GaN) and forGaN in the zincblende structure (which can be stabilized in 

epitaxial growth). Our results show nearly equivalent formation energies and only minor 

differences in the defect levels indicating very similar defect properties in both structures. 

The main difference is a small splitting of the p-like defect states in the wurtzite structure 

caused by the reduced symmetry of the wurtzite structure. 

¥B • p CB 

••oe • • • • 0000 • • • • Alii VB 

' • 
Vo. ~ Ga. Ni o ... Nea 

.... .-d. mt:..NtliJ.U autiat• 

Figure 14: Schematic representation of the defect levels in GaN. The occupations are shown for 
the neutral charge state, filled circles indicate electrons, open circles indicate holes. 

Figure 14 shows the positions of the defect levels for the neutral charge state. From these 

results we can immediately classify the defects into donors, acceptors, and amphoteric 

defects. The nitrogen vacancy and the gallium antisite are donors, the gallium vacancy an 

acceptor and the nitrogen interstitial and both antisites are amphoteric. 
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Figure 15: Defect formation energy as a function of the Penni energy for vacancies (solid lines), 
antisites (long-dashed lines), and interstitials (dashed lines). Ga rich conditions (left) and N-rich 
conditions (right) are assumed. 

We have further calculated the formation energy (as function of the Fermi energy and of the 

chemical potential) for all native defects. The results are displayed in Fig. 15 for both Ga-rich 

conditions (which appear to be common in experimental growth conditions) and N-rich 

conditions. The most striking feature is the high formation energy of the self-interstitials and 

antisite defects. The defects with the lowest formation energy are the vacancies: under p-type 

conditions the nitrogen vacancy has a very low formation energy, while under n-type 

conditions the Ga vacancy has a low energy. 

The kinks in the formation energy are caused by a change in the defect charge state; 

increasing the Fermi level makes charge states with a higher fllling more favorable. Both the 

sign and the value of the slope identify the charge state: a positive slope indicates a positive 

charge state, a negative slope a negative charge state. The position of the Fermi level at 

which the slope changes, i.e., the position of the kink, identifies the transition level. 

These results also shed light on the issue of whether the nitrogen vacancy is the source of the 

n-type conductivity typically observed in as-grown GaN. Under n-type condition the 

formation energy of the nitrogen vacancy is quite high. In thermodynamic equilibrium, the 
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concentration of nitrogen vacancies should therefore be quite low, and they should not be 

responsible for then-type conductivity. However, we note that the nitrogen vacancy in p-type 

material and the gallium vacancy in n-type material may act as compensating centers. 

Milestone 6 
• Development of undoped GaN t11ms on 6H-SiC, introduce n and p dopants. Deliver to 

Xerox. 

Boston University 

Ilntmductioo 

Boston University's responsibility within the consortium is to investigate the effect of 

substrate type and quality upon the growth of AlGalnN. During the fust quarter we 

investigated the growth and doping of GaN on 6H-SiC substrates. Some work was also 

initiated on the growth of GaN on single crystal ZnO substrates, however this work will be 

discussed in a later report. 

U Growth of GaN on 6H-Sic 

The substrates used in this study were purchased from CREE Research and are research 

grade heavily doped n-type. 

a) cleaning procedures: 

The substrate were first degreased, subjected to the RCA etching procedure and 

passivated by immersing them in buffered HF. This cleaning procedure led to surfaces 

which give excellent RHEED diffraction patterns (with good Kikuchi lines). We 
therefore found that the recommended in-situ- cleaning procedure involving H2 plasma 

may not be necessary. 

b) Growth of undoped GaN on 6H-SiC 

A number of GaN films were grown on 6H-SiC. Some of the films were grown with a 

low temperature AIN buffer while others were grown without any buffer. 

i) Properties of mms 6H-SiC/ AIN/GaN 

- XRD studies indicate that the FWHM of about lm thick fums is about 17-18 min. 
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Hall effect measurements indicate that the films are n-type with carrier 

concentration varying from 1019 to 1021 cm·3 and electron mobilities from 200 to 10 

cm2 v·1 s·' respectively and resistivity of 10 .... ohm cm·1
• Thus these films appear to 

be excellent n-type doped for device development However. these measurements 

assumed that the AIN buffer is an insulator and isolates the contribution from the 

substrate. We intend to do further measurements to verify this supposition. 

- Typical room temperature photoluminescence data for such fllms are shown in 

figure 16. These data indicate that most of the recombination occurs across the gap 

(3.40 e V) and some photoluminescence through centers in the gap. 

- SEM surface morphology of such fllms reveal roughness of approximately 1000 A. 
ii) Properties of ftlms 6H-SiC/GaN 

- XRD studies indicate that the FWHM of about O.S mm thick fllms is 9 min. 

However this should be considered as the upper limit since the resolution of our 

graphite monochrometer is 9 min. 

- Hall effect measurements on these samples could not be performed due to the 

direct contact with the conducting substrate. 

- typical photoluminescence at 78 K for such samples are shown in figure 7. The 

recombination occurs across the gap (3.45 eV). The peak at 2.70 eV is due to 

luminescence from the SiC substrate. 

- SEM surface morphology of such films indicates atomically smooth f'llms. 

Furthennore the RHEED studies of such r11.r.Ds indicate 2x3 surface reconstruction. 

In conclusion it appears from these studies that the low temperature AIN buffer when one 

grown on 6H-SiC may not be necessary since ftlms grown without such a buffer appear to 

have superior structural and electronic properties. 

c) Growth of p-type GaN fllms on 6H-SiC 

The GaN films were doped p-type by coevaporating Mg during the growth of the ftlms. 

All p-type films were grown directly on the 6H-SiC without an AIN orGaN buffer. 

- The conductivity type on these films was confirmed by the hot probe method. 

- XRD data indicate that the FWHM of the rocking curve of such fllms is larger (15 

min.) from the undoped films. 

Photoluminescence spectra fro a Mg doped is shown in figure 18. The recombination 

is dominated by D-A transitions at -3.20 eV. 

- SEM surface morphology is atomically smooth. 

d) Growth of n-type GaN films on 6H-SiC 

- XRD of heavily Si-doped GaN fllm is 16 min. 
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Hall effect measurements could not be performed since both the film and the 

substrate are heavily doped n-type. 

Photoluminescence measurements for this is shown in figure 19. These data indicate 

both transitions across the gap 3.46 eV as well as D-A recombinations. We propose 

that part of the Si may have incorporated into N2 sites due to the amfoteric nature of 

Si -impurity. 

SEM studies show atomically smooth surfaces. 

ill Deliyerables 

1) One undoped GaN film (GaN304) grown on 6H-SiC and one undoped GaN rllm 

(GaN298) grown on sapphire (0001) were delivered to Xerox on July 6, 1995. (See letter to 

Noble Johnson). These two samples will be used for electron microscopy studies. 2) One p

type Mg doped and one n-type Si-doped films grown on 6H-SiC substrates are being 

delivered to Xerox simultaneously with this report. 
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Figure 16 Room Temperature Photoluminescense of GaN Grown on 6HSiC with AIN buffer. 
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.tsoston University 

Coilql ol EIIPnteriuc 
'"c:u-lnlllltl s
.._, Ma1Uda-Olll5 
61713!.1·2111 

Dr. N.M.lohnson 
Xerox 
Palo Alto Research C~n~r 
Palo AltO, CA 9430J. 

Dear Noble. 

July 6, 1995 

Enclostd please find two samples to be considered a.~ deli\-erables for the .o\.R.PA !fllll 

t. Ga..l\1-304 grown on 6H-SiC 
2. Ga:.~-298 grown on C-plnne sapphire 

l diS~:u~s\!d with Pon$t and h~ wants til ~rform electron micro:scopy on lhes~ :s:unpl\!:s. 

Also. my student R. Singh has sent two samples of Ga.'\ grown on ZnO substrates. 

l. Ga..'\-306 grown on C-plar.e z~o 
2. Ga.."'·j06 irown on Prism plane oi ZnO 

We alSo sent photoluminescence data of these two samples pert'onned '"ith a He-C:ila.sc 
at lif.luid nilt'OJen as well as the photoluminescence spectrum of the ZnO subsu-.ut. The pllotoh:· 
minesc~nc~ data olt!'ae Ga:'\ indicates a 'broad peak at 3.1 i ~ V consist~nt wiL" doping of the :'ilr.:s 
with Zn. !The~~ thre.: graphs art.: attacht::d lor your review) 

8\!St regards. 

Sincerely yours. 

T.D. :V1ousm.kas 

Letter to Noble Johnson 
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• Characterization of Reactor for GaN growth 

Advanced Technology Materials 

The GaN reactor is now fully constructed. The entire system, including supply lines, gas 

manifold and reactor have been leak:checked. The temperature profile has been measured and 

initial growths will take place in the next reporting period. 

• Deliver 2 mm scale GaN single-crystal substrates to consortium for study. 

America Xtal Technology 

The mm scale GaN samples which were delivered to AXT cover a range of gro~th modes of 

the crystal ranging from rod-like structures to smooth platelets. One platelet (SN 0065), as 

per AXT's SOW, with a smooth surface was delivered to XEROX-PARC for 

characterization, the smooth face is atomically flat and epi-ready; however, the sample 

probably needs cleaning and HPRC has not been able to establish entirely satisfactory 

cleaning procedures. The other face of the sample grows in 20-40 angstrom steps and is not 

suitable for epi growth. 

At a meeting with XEROX on 19 July 1995, XEROX showed data on PL and CL spectra of 

the sample as well as photo-micrographs of the sample. XEROX plans to use a proprietary 

technique for polishing the sample prior to growing MOCVD epi on it. 

AXT has initiated a purchase order for ductile diamond grinding of ultra-hard materials with 

Horizon Technology Group. Work at NIST has produced <6 nM surface fmish with hard 

diamond wheels on sapphire and silicon nitride. Hard wheels with precision grinding 

equipment are not practical for volume production. HTG will polish sapphire samples with 

loose diamond grit and various laps to verify the lap requirements for ductile grinding of 

ultra-hard materials. Preliminary tests show that loose diamond can ductile-grind ultra-hard 

materials. 

References: 
[1] R. Stumpf and M. Scheffler, Comp. Phys. Commun. 79, 447 (1994). 
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Summary: Milestones 7-11 have been completed. 

Milestone #7 (UT, HP, Xerox), Milestone Complete 

-
• Milestone #7: UT: Complete installation of new Emcore HT ''D" Reactor. 

Demonstrate GaN and AlGaN growth in D reactor. Deliver samples to Xerox. HP: 
Scanning PL operational. Whole wafer scans of member's GaN available. XE: 
Structural characterization of the GaN/SiC interface. 

• Summary: 

UT: The Emcore HT "D'' Reactor is now installed and is operational. It has been used to 
grow GaN and AlGaN films. Some of these films have been sent to HP for 
characterization. UT has· begun to study the growth of GaN in the new EMCORE "D'' 
reactor. Parameters for the growth of the buffer layer and the high~temperature layer have 
been varied. At this time, X-ray rocking curves with FWHM values of -700 arc sec have 
reproducible been obtained for 1i1ms -1.4 J.1ID thick. AIGaN growth has been initiated. 
Samples have been sent to HP for characterization before sending them to Xerox for further 
analysis. 

HP: A room-temperature photoluminescence wafer mapping system has been designed and 
assembled which is capable of measuring hundreds of points per wafer in under 10 
minutes. The purpose of this tool is to provide detailed information on epitaxial layer 
uniformity, which can be used to provide rapid feedback to the epi growers about the effect 
of process changes on the wafer uniformity. The PL mapping system uses a 100 mW · 
HeCd laser pump beam and f1.4 collection optics to image the spectrum onto a multi-
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channel detector. The software is designed to calculate the peak wavelength and emitted 
"power" (actually integrated area under the PL spectrum) at each point, and provides output 
in the form of color-coded and automatically scaled contour plots. Examples of the peak 
wavelength and PL "power" maps for an InGaN layer are shown in Figures l and 2 below. 

Figure 1: PL peak wavelength map of laGaN test wafer. 
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l'lpre l: PL "power" map of laGaN te1t wafer. 

Xerox: Electron Microscopy of the GaN/AlN/SiC Epitaxy. The AIN/SiC interface has been 
studied using high resolution transmission electron microscopy. Cross section lattice 
images of the AlN/SiC interface have been analyzed to establish the connection between 
image contrast and the atomic positions in the lattice. Assuming atomically abrupt and 
planar AlN/SiC interfaces, four possib]e atomic bonding configurations are taken into 
account for SiC substrates with the (OOOl)Si orientation. Image simulations of these four 
interface models are compared with the experimental images. Considering variations at the 
interface of the image contrast, the basal-plane distance, and the projected charge density, it 
is shown that the C-Al and Si-N bonds are in agreement with the experimental images and 
are not distinguishable under our experimental conditions. The other two possiblilities, 
involving C-N and Si-Al bonds, are not consistent with our observations. 

There is much current interest in the growth of epitaxial thin films of the group m nitrides. 
The bandgap of the AlGalnN system ranges from 1.89 to 6.2 eV at room temperature, 
extending from the red to the ultraviolet region of the electromagnetic spectrum. Recently, 
epitaxial thin films based on GaN have been successfully used in the fabrication of high 
efficiency light emitting diodes in the range between yellow and blue (Nakamura, 1995). 
This has been achieved by metalorganic chemical vapor deposition (MOCVD) of ln1_xG&xN 
thin films on sapphire substrates at temperatures above 1 000°C. The growth of these films 
requires the use of low temperature buffer layers, the most widely used being AlN (Amano 
et al, 1986) and GaN (Nakamura, 1991). Transmission electron microscopy (TEM) of 
actual high efficiency devices shows that GaN grown epitaxially on sapphire contains a 
surprisingly high density of dislocations at the 1010 cm·2 level (Lester et al. 1995). On the 
other hand, high resolution TEM of the AlN/ Al203 interface shows that it can be relatively 
free of defects 
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in spite of the large lattice mismatch between both materials (Ponce, 1994). It is believed 
that lowering the defect density should improve the quality of the materials and provide 
improved device performance. From the point of view of lattice matching, a-6H SiC is 
thought to be an improvement over sapphire, and some significant progress has already 
been done in producing material approaching the performance of epitaxy on sapphire (see 
e.g., Zubrilov et al., 1995). 

One of the key aspects in heteroepitaxy occurs at the interface between the film and the 
substrate, since it is there . that the differences in crystalline structure and in chemical 
bonding between epilayer and substrate are resolved. The resulting atomic arrangement at 
the interface will determine the degree of perfection of the epitaxial layer. The lattice 
structures and lattice parameters of the film and the substrate play a significant role, 
especially in the case of coherent interfaces, where a periodic array of misfit dislocations is 
desired in order to retain the local coherency at the junction. In addition, the nature of the 
chemical bond at the interface will determine the atomic bonding coordination, and 
therefore the orientation and structural stability of the epilayer. 

The similarities between the lattice structures of a-6H SiC and the group ill nitrides provide 
a number of advantages. The 6H and wurtzite (2H) structures are tetrahedrally 
coordinated, with a nearest neighbor configuration similar to the zinc-blende structure. In 
particular; the lattice parameter of SiC is within 1% of the AlN value, and the values of the 
thermal expansion coefficient along the basal plane are nearly identical (See Table 1). This 
close match at the basal planes is expected to facilitate the formation of highly coherent 
interfaces. The resulting atomic arrangement should determine the stable growth 
configurations as well as the polarity of growth of the A1N epilayer. 

The focus of the present paper is the determination of the atomic arrangement at the 
interface between A1N and SiC by high resolution transmission electron microscopy 
(HRTEM). Lattice images of the interface region, taken at various defocus values, are 
used to determine the specimen thickness and the objective lens defocus values. Assuming · 
atomically abrupt interfaces, the four possible interface atomic structures are considered. 
Calculated images corresponding to these atomic models are compared with the 
experimental images. Two models involving C-N and Si-Al bonds are found to be 
inconsistent with the observations. Models involving Si-N and C-Al bonds are shown to 
be indistinguishable and consistent with the HRTEM observations. 

The epitaxial layers were grown by MOCVD on the Si-face of (0001) a-6H SiC, following 
the technique of Sasaki and Matsuoka (1988). An AIN buffer layer was first deposited, 
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followed by growth of GaN at 1 050°C. The microstructure of such films has been recently 
reported (Ponce, Krusor, et al, 1995). The specimen was oriented by x-ray diffraction and 
cut along bars for observation on the <11-20> SiC projection. The specimens were 
mechanically thinned to about 20mm and subsequently ion milled with Ar+ at 4 kV to 
electron transparency. High resolution TEM was performed at the Atomic Resolution 
Microscope at Berkeley (operating at 800kV accelerating potential, C.= 2.0mm, Cc = 
1.5mm), with an instrumental point resolution of less than 1.5 A. Sample thickness was 
determined by linear extrapolation to the first extinction distance. Objective defocus values 
were obtained by callibrated increments from the Gaussian (minimum contrast) value. 
Image calculations were performed using the MacTempas simulation programs (Kilaas 
1995). 

Hirh resolution TEM qfthc AlN/SiC lntedacc 

Figure 3 shows micrographs corresponding to a through-focus-series of the AIN/SiC 
interface, taken at intervals of 12nm in the objective lens defocus(Dt) values. These images 
indicate parallel epitaxy with [002]AIN //[002]SiC, and [11-20]AIN// [11-20]SiC. A 
schematic diagram showing the atomic positions in this projection is shown in Fig. 4. 
Figure 3 shows a larger area micrograph for Of= -105nm from the same series as in Fig. 
1. The SiC lattice is viewed in the <11-20> projection, with the basal (0006) and a { 1-
100} plane appearing in horizontal and vertical projections, respectively. The AlN layer is 
observed in its < 11-20> projection, where the horizontal corresponds to the basal (0002) 
plane and the vertical to a { 1-100} plane. The respective interplanar separations are shown 
in Table 1. 

Measurements of the AlN lattice dimensions using the SiC as reference indicate no 
measurable strain present in the epitaxial layer. The position of the interface can be 
observed by noticing the change in the direction of the oblique planes. The position of the 
lattice spots in the SiC follows a zig-zag with a period of 6 basal planes (cf. the ball and 
stick model of the AIN/SiC interface in Fig. 2). In the AIN, the atomic positions have a 
period of 2 planes in the direction normal to the basal planes, a characteristic of the wurtzite 
structure. Thus, the 6H/2H interface is easily observed to be atomically abrupt and parallel 
to the basal planes. 

The electron-optical parameters affecting the high resolution images were carefully 
determined following a method similar to the one described by Spence (1981). In Fig. 3, 
the increments in the defocus values are known from callibration of the electron microscope 
(performed by analysis of the diffuse scattering in an optical transform of an 
amorphous/crystalline interface). The absolute defocus value was determined by 
observation of the minimum contrast value (Gaussian focus). The specimen thickness of 
the region in Fig. 3 was determined by interpolation to the fli'St extinction distance in a 
wedge sample to be around 8.5nm. In order to detennine the relationship between the 
lattice images and the actual atomic structure, image simulations were performed for the 
range of possible electron optical parameters. The variation of the image characteristics 
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(e.g. location and shape of bright spots) in both AIN and SiC lattices is consistent with a 
specimen thickness of 8.5 nm. 

Flpre 3. Lattice lmaau la a tllroo1b·foeua aeries of the AIN/SIC 
Interface. The defoeu1 valuu an (a) ·42.5am, (b) -55nm; (c) ·67.5nm, 
(d) -BODm, (e) ~92.5am, (f) ·105am, and (&) ·117.5 am. 

Atomic bondinr at abrupt-planarAIN/SiC interfaces 

The detailed atomic arrangement at the interface, shown schematically in Fig. 4 with 
questions marks, is the subject of this article. For the silicon face of a (0001) SiC 
substrate, there are four possible, atomically planar and abrupt, interface bonding 
configurations as shown in Figure 6. Models A and C consists of Al-C and N-C bonds, 
respectively, which are oblique to the interface plane. The N-Si and Al-Si bonds in models 
Band D, respectively, are normal to the interface plane. In models A and B, the AlN lattice 
is oriented in the (0001) direction with AI at the top position of the basal plane. Similarly, 
in models C and D, A1N is oriented in the (000-1) direction with N at the top position. 
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Flaure 4. Schematic dlaaram of the interface between SIC and AI N 
ducused ln tbu work. 

AlN 

SiC 

SA 

Flaure 5. Lattice lma1e of the AIN/SiC interface, for objecth·e lens 
defocua of -105nm and specimen thickness of 8.5nm. 
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The intensity of lattice images for thin TEM specimens (less than 12nm for SiC and AlN) 
have been shown to follow the projected charge density approximation (PCD) (Spence, 
1981) where the image intensity I is proportional to the projected charge density of the 
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atomic columns r,: I {x,y) = 1 +A rp(x,y). A is a constant proportional to the value of 
image defocus and to the electron wavelength. Thus, the variation in I (x,y) at a ftx.ed 
thickness is linearly proportional to the sum of the atomic numbers of the elemental 
constitutents of the atomic columns. The atomic numbers and the corresponding sum are 
shown to the right of each of the interface models in Fig. 6. In both AlN and SiC the 
resolved atomic columns correspond to dumbbells consisting of double columns of the 
elemental components, with a total sum of 20 for both of these materials, with 13 + 7 for 
AI+ N, and 14 + 6 for Si + C, respectively. This is the reason for the nearly identical spot 
intensities in the AlN and SiC regions in Figs. 3 and 5. The fact that the interface plane 
itself has a similar intensity means that its interface plane should have a sum of atomic 
numbers close to 20. 

(A) AI·C Bond z sz (B) N-51 Bond z sz 

11 zo 
7 

14 20 • 

11. 
7 

(C) N-C Bond z u (D) AI-51 Bond z :a 

7 
11 20 

14 H • 
14 H • 

Flpre 6. Foar poulble boadlaa coaftpratlou lor atomically abrupt 
plaaar lllterfa~ correspoadlaa to the (0001)81 aarface of SIC. 

The chemical bond lengths for these atomic species are shown in Table 2, and the 
characteristics of the atomic bonds relevant to the AIN/SiC interface models in Fig. 2 are 
shown in Table 3. It is interesting to note that the N-C bond is much shorter than the other 
bonds, while the Al-Si bond is much larger. Also, the N-C bond bas a sum of Z equal to 
13, much lower than the rest; while the Al-Si bond has a sum of Z of 27, much larger than 
the rest. 
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•onct SumvfZ Avg.lond Alnlond Orlentlllion Inter--
Lintth Length .,._, Dlotance 

NoC 1J 1.47 .0.41 tiltH us 
AI-C " .a.u. +0.11 tilted us 
AI-51 'l.7 UJ +0.55 I\Ormal ].0. 

N-SI Z1 1.74 .O.IJ normll Ul 

AI-N .ao 1.11 +0.01 both Ut 

SI.C .ao 1.11 both U11 

Image simulation ofatomically-abrupt AlN/SiC interfacu 

Figure 7 shows the contrast transfer function for an objective-lens defocus of -lOSnm. The 
interplanar separations of SiC and AlN are shown for the relevant planes. The favorable 
position of the pass-band region in the contrast transfer function at spatial frequencies 
around 4 nm·1 is particularly favorable for white atom lattice structure images involving the 
relevant periodicities found in A1N and SiC, specifically the (0002), ( 11-20) and (1-1 00) 
reflections. 

V •IOOkV,C. •Z.O-.O.C• ·1050A.Dtl• 130A. DI~•O.MIIUIII 

~.-~~----------~r---------~ 

0."11 

J •• 
Jo.·~------------~~----~--------~~ J: 

CUll 11.10 11.20 o.JII - o.J11 UD 0.111 
ScaalrlaaV-(A·'I 

Flpre 7. Contrut transfer funcdon of microscope, for ·105 nm 
defocus. Note that the relevant lnlormadon Ia the ranp d .. 2.3-2.6 A 
transfers stronJ)y with the same phue. 

Figure 8 shows a montage of calculated images corresponding to a defocus of -1 OSnm for 
various specimen thicknesses, calculated for the four models discussed in the preceding 
section. The projected potential density (PPD) indicating the position of the atomic sites is 
also shown. The position of the abrupt interface is marked with arrows in the left and right 
margins. At -1 OSnm defocus the characteristics of the image do not change significantly 
with specimen thickness. These calculations show that models A and B are not 
distinguishable at our experimental conditions. On the other hand, models C and D show 
distinct interface features. Model C exhibits a bright row of spots at the interface 
coinciding with the C-N plane in Fig. 6c. Model D shows a broad, symmetric interface 
associated with the longer Si-Al atomic bonding configuration. 
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Flpre 8. Specimea tblekaess depeadeaee ia simulated imaaes of 
interface structures correspoadins to the four collflauratioas in Fla. 6 , 
at ·105 nm defocus. 
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Figure 9 shows the variation of lattice images with defocus values for the four AlN/SiC 
interface models. These calculated images correspond to a specimen thickness of S.Snm. 
The strong dependence of the image characteristics with defocus indicates the particular 
benefit of choosing Df = * 1 05nm, where the image is closely related to the actual structure 
image corresponding to white spots at atomic positions. 
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Fi1ure 9. Objective-lens defocus dependence In simulated ima1es of 
· Interface structures correspondlna to the four conft1urations in Fl&. 6 , 

at a specimen thickness of 8.5 nm. 

Structure determination q.fthe AlN/SiC interface 

11 

The next step in our study is to determine the extent to which the atomic bonding 
arrangement at the AJN/SiC interface can be deduced by comparing calculated and 
experimental images. From the preceding discussion, the lattice image in Fig. S (for 
sample thickness of S.Snm and Of= -lOSnm) resembles very closely the mal structure 
image. For a narrow range of thickness and defocus centexed around these values, bright 
spots correspond to the atomic dumbbells of the basal planes in Fig. 4. 

Some quantitative characteristics of the lattice image in Fig. S are plotted in Fig. 10. These 
plots were obtained by digitizing Fig. S and integrating the image intensity in the horizontal 
direction. The intensity variation of the maxima cottesponding to the basal planes is shown 
in Fig. 1 Oa. The intensities of the basal planes at the interface are virtually identical. This 
indicates that the total atomic number of the dumbells at the interface must be very close to 
20 (which, as already mentioned previously, is the value for both AlN and SiC). Fig. 1 Ob 
shows the distance between basal planes in Fig. 3. Although there is some variation in the 
SiC values due to its high sensitivity to tilt, no significant variations are observed in the 
AlN. The width of the interface (or equivalently the interplanar separation at the interface) 
is 2.S A, and closely resembles the mean values of AlN and SiC of 2.49 A and 2.52 A, 
respectively. For comparison, the values corresponding to the C-N and Si-Al bonds, from 
Table 3, are shown. The basal-plane integrated-intensity variations along the c-direction 
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for the calculated and the experimental images are shown in Figure 11. Note the similarity 
between the experimental image (E) and models A and B. As previously mentioned, 
models C and D have unique characteristics at the interface which are not observed in the 
experimental images. 
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Flaure 10. Characterbtics of the lattice imaa• In Fla. 3. (a) 
lntearated lmaae Intensity maxima of basal plane.. (b) Interplanar 
separation accrou the interlace plane. 

Flaure 11. Ima1e intensities intearated alona the basal planes, 
correspoadina to specimen thickness of 8.5nm and objective lens 
defocus of -105nm, corresponding to the four models (A-D) In Fla. 4, 
and the experimental ima1e (E) in figure 3. 

• DISCUSSION 
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The AlN/SiC interface has some interesting features which make it an ideal subject for 
characterization by HRTEM. The intert'ace can easily be identified by the change in the 
stacking sequence from 6H to 2H. The fact that the Al-N and Si-C pairs have identical 
sums of atomic numbers and very similar lattice parameters, provides a uniform 
background against which the interface bonding arrangement can be evaluated. Based on 
the observation of abrupt interfaces, we use in this paper the assumption of atomically 
planar and abrupt interfaces, and we have clearly identified two atomic bonding 
configurations which are consistent with the experimental observations. One conclusion 
that is reached is that silicon terminated SiC surfaces generate epitaxy with AI in the top 
position of the basal plane. This result is consistent with electronegativity considerations. 
Al,Si, C, and N have electronegativity values of 1.5, 1.8, 2.5 and 3.0, respectively. Thus, 
AI and Si behave as cations in the presence of C and N. A proper anion-cation sequence at 
the interface would imply the presence of Si-N and Al-C bonds, and would void the C-N 
and Si-Al possibilities, in agreement with our deduction from HRTEM observations. 

The images presented in this work correspond to the predominant flat areas in the 
specimen. In general, the SiC surfaces exhibited a large degree of roughness which added 
complications to the defect structure of the film. These effects are considered to be artifacts 
of surface preparation. The planar regions, on the other hand, represent the intrinsic 
features of the interface, and all such regions showed the same characteristics as described 
here. 

The difference in the electronic nature of A1N and SiC (111-V and IV-IV compounds, 
respectively), introduces the possibility of a charge-dipole at the interface (Harrison, 1978) 
and the consequent Coulomb instability. This topic will be discussed in more detail 
elsewhere (Ponce, Northrup and Van de Walle, 1995). 

• CONCLUSIONS 

The atomic arrangement at the AIN/SiC interface has been studied using HRTEM. Lattice 
images were obtained in the <1-100> projection of thin epilayers. The imaging parameters 
have been detennined experimentally and by image calculations. CalcUlated images of the 
four possible combinations comspondina to atomically planar and abrupt interfaces 
indicate that these models are characterized by unique signatures in the basal-plane 
integrated intensity distribution in the c-direction. By comparing calculated images with the 
experimental image, it is determined that C-N and Si-Al bonds are not present. The Si-N 
and C-Al bonding configurations cannot be resolved under the experimental conditions and 
both are consistent with the experimental results. 
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Milestone #8 (HP, SDL), Milestone Complete 

• Milestone #7: HP,SDL: AlGaN heterostructures demonstrated. Deliver Samples to 
Xerox. 

• Summary: AlGaN has been grown over the entire composition range. SDL has 
observed that the aluminum content of the film is not linear with the ratio 
Flow .J(Flow AI+ Flow oJ. HP has observed difficulty in growing AlN at atmospheric 
pressure and that the in variable pressure experiments the AI content of the AIGaN film 
decreases with increasing pressure. These experiments indicate parasitic reactions 
between the AI source and NH3.Samples of heterostructures have been delivered to 
Xerox P ARC for characterization. 

HP: The growth of GaN, AJN and AIGaN using organometallic vapor phase epitaxy 
(OMVPE) has been studied as a function of reactor temperature and pressure. At 
atmosheric pressure, GaN with growth efficiency comparable to that of GaAs in the same 
reactor is obtained. In addition, the GaN growth efficiency changes little at different 
reactor pressures. These results indicate that parasitic reactions between TMGa and NH3 
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are not substantial. In contrast, the growth of AlN at atmosperic pressure has not been 
possible. By lowering the reactor pressure below 250 torr, AlN deposition can be 
achieved. However, the growth efficiency decreases at higher reactor pressures and higher 
growth temperatures, indicating that a strong parasitic reaction occurs between 1MAl and 
NH3. 

AIGaN epilayers have also been grown at different reactor pressures with a growth 
temperature of 1075 °C. In Figure 17, the AI solid composition, as measured by 
Rutherford Backscattering, is plotted as a function of reactor pressure. The experimental 
results are shown as points, and are compared to the theoretical result, shown as a solid 
line, which is calculated by assuming that parasitic reactions occur between 'IMAl and 
NH3• A maximum of 16% AI was incorporated in the AlGaN layer at a pressure of 30 torr. 

Finally, AlGaN/GaN heterostrucures have been grown at different pressures and a fixed 
temperamre of 1075 °C. The X-ray rocking curves are shown in Figure 13 for 
AlGaN/GaN hctcrostructures grown at different reactor pressures. The spectra have been 
aligned to the GaN peak in order to show the AI composition in AlGaN. It can be seen that 
at a reactor pressure of 30 torr, the AlGaN peak is well separated from the GaN peak. As 
the reactor pressure is increased, the AIGaN peak moves closer to the GaN peak, indicating 
that less AI is incorporated at higher reactor pressure. At 250 torr, no distinctive AIGaN 
peak is seen. It is clear that the decrease in AI incorporation into AlGaN at higher reactor 
pressure is due to the parasitic reaction of TMAl with NH3• 
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The majority of work at SDL has focussed upon the growth of AlGaN with compositions 
less than AluG&o.1N for two reasons. First, this composition range is sufficient for both 
electrical and optical confmement and second, the p-doping of materials with aluminum 
composition higher than 20% has been problematic for other groups. 

Figure 14 shows the aluminum concentration versus the figure of merit Flow .J(Flow a. + 
Flow A1). The A1 composition is measured by X-ray dift'raction using the peak associated 
with the GaN as a reference. For samples with AI composition less than -35%, the films 
are smooth and specular. The single point at -60% A1 is from a film with low growth rate 
and roughened surface morphology. 

An undoped doubled heterostructure of A10. 1G&o.~/GaN/Aic,.1G&o.~ has been fabricated 
and sent to Xerox for characterization. The heterostructure has been designed to confme 
light and produce a -4<r far-field. The broadening of the GaN reference is due to the fact 
that the GaN layer is both thin and buried under an AlGaN layer. 
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Flaure 14: A plot of AI composition venus AI percentaae In the 1as 
stream. 
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Flpre 15: A theta-two theta scan of the double heterostructure sent to 
Xerox. The AI composidon, determined by X-ray, t. about 9CJII. 

Milestone #9 (HP, SDL, Xerox), Milestone Complete 

17 
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• Milestone #7: HP,SDL,Xerox: Controllable n-type doping in GaN demonstrated, 
with dping levels between 2 x 1017 and 5 x 1018 cm·3• Deliver GaN with p-type 
impurities to Xerox. Electrical characterization of donor-doped n-type GaN. Calculate 
properties of p-type dopants (Mg and Zn) in GaN. 

• Summary: Both SOL and HP have demonstrated good control of n-type doping levels 
throughout the aforementioned range. The mobility values are comparable with the 
literature. Due to the desire for highly conductive material considerable effort has been 
expended on highly doped films. The lowest values of resistivity for n-type GaN 
achieved are 3.47 x 10"3 Ohm-em (sample doped 1.2 x 1019 cm3

, mobility of 150 
cm21Vs) and 5.79 x 10"3 Ohm-em (sample doped 5.4 x 1011 cm3

, the upper limit our 
SOL current flow capacity, mobility of 200) for HP and SOL, respectively. The doping 
level versus flow is well controlled throughout the range of interest. Both SOL and HP 
are currently concentrating on p-type doping levels. Both groups have achieved active 
p-type doping and p-n junctions. P-type samples have been, and will continue to be, 
delivered to Xerox for characterization. In the next quarterly report, the results of Mg
doping experiments will be detailed. Xerox has completed a thorough evaluation of the 
behavior of Si in OaN and n-type samples in general. The properties of Mg and Zn in 
OaN have been modelled theoretically. 

HP, SDL: Silicon doping of GaN is well-controlled across the range spanning 2 x 1017 to 
5 x 1018 cm·3• We begin by showing, in Fig. 16, the linearity of the doping level as a 
function of Silane dopant flow (SOL). These doping values cover the useful range of the 
flow controller currently employed at SOL. The high degree of linearity shows the good 
degree of control of doping level. Similarly, HP shows, in table form, data on a variety of 
samples doped with silicon. 
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Fl1. 16 
GaN. 

The electron carrier concentradoll of versos sUane flow Ill 

The results of a study of Si doping to produce n·type GaN. 

Run Number Dopin1 Thickness Carriers (n) Moblllty (J.L) 

(J.Lm) (cm2/V-s) 

15 ''tmdoped'' 2.90 8.6E16 413 

16. Si 3.05 2.9E17 471 

17 Si 2.88 3.8Bl7 469 

18 Si 3.15 2.1E17 481 

19 Si 3.02 1.9E17 463 

20 Si 1.58 4.2E17 416 

21 Si 1.57 4.2B17 421 

23 Si 1.75 5.91!18 216 

24 "undoped" 1.74 2.1B16 77 

2S ''mldapecl" 1.81 4.9B16 385 

26 ''mldapecl'' - 2.7E16 272 

56 Si 2.78 3.0E18 232 

60 Si 2.70 1.2E19 ISO 
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To illustrate the current conductivity of SDL and HP n-type GaN, Figure 17 shows the 
resistivity of GaN materials and mobility versus carrier concentration for heavily (> 1018 

cm'3) Si-doped GaN. 

Fla. 17 The mobility and conductivity of heavily Sl-doped 
materials arown at BP and SDL. 

Xerox: The realization of light emitting (LED) or laser diodes (LD) requires the fabrication 
of contact and cladding layers with low electrical resistivity. Especially IDs are operated 
with high current densities to reach threshold for lasing. To avoid heating, the voltage drop 
across the device must be minimized and, therefore, any series resistance avoided. This is 
especially challenging for m-V nitrides, since carrier mobilities are relatively low, as 
compared with other device grade semiconductors. Shallow n- and p-type dopants are 
required which are sufficiently ionized at the temperature at which the device operates. 

Si has successfully been used as a donor impurity in GaN and AlGaN for the fabrication of 
LEDs and transistors. However, quantitative information on the electronic properties of Si 
donors is not available. We have investigated Si-doped GaN films grown by metal-organic 
chemical vapor deposition (MOCVD) by variable temperature Hall effect measurements and 
low-temperature (2 K) photoluminescence (PL) spectroscopy. The thermal activation 
energy for ionization of Si donors and the position of the donor ground-state level in the 
bandgap of GaN were determined. 

The Hall effect measurements were enabled by using a Vander Pauw geometry for the 
Ohmic contacts. These contacts exhibited Ohmic current-voltage characteristic over the 
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(1) 

entire temperature range of the Hall effect measurements (80 K - 500 K). An isotropic and 
temperature independent Hall scattering factor of unity value was assumed to derive 
electron concentrations from the measured Hall constants. 

The samples investigated are listed in Table 1: 

Table 1: GaN samples lnvestl1ated wltb variable temperature HaJJ effect measurements 

In addition to the Hall measurements, some of the samples were also characterized by room 
temperature and low temperature (2 K) photoluminescence (PL) spectroscopy. PL 
measurements reveal the presence of electronic states in the bandgap of semiconductors 
which may act as efficient recombination centers in LEDs or LDs. These electronic states 
may be useful in LEOs but need to be eliminated in LOs. In both cases characterization of 
these levels and the relation of their appearance to growth conditions is extremely 
important. 

A. Hall effect results 

Hall effect data obtained from unintentionally and Si-doped, n-type GaN films are 
presented in Fig. 18. Figure 18a shows electron concentrations as a function of the 
temperature. The experimental data are represented by symbols. The SiH4 flux during 
growth was gradually increased from sample * 15, 19, 52 to 60. Consequently, the 
electron concentrations increased accordingly as determined by the Hall effect 
measurements. 

To obtain information about the donors which determine the electron freeze-out behavior of 
our n-type GaN, we performed a least-squares fit of the charge neutrality equation to the 
experimental data. The charge neutrality equation for n-type, wide bandgap semiconductors 
(intrinsic carriers are neglected) with M independent donors is given by 

where the index i refers to the i-th donor; NDi is its concentration, gi the degeneracy of its 
electronic state in the band gap, and AEDi the thenna1 activation energy of the donor 
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electrons. Ncomp is the concentration of compensating acceptors and NC is the conduction 
band effective density of states; k is the Boltzman constant and T the sample temperature. 
For the fits shown in Fig. 18a an effective electron mass of 0.2111o (Ino = mass of a free 
electron) was assumed. The calculated electron concentration as a function of the sample 
temperature is indicated by the solid straight line. For these fits, two independent donor 
levels had to be employed. Defect parameters are summarized in Table II. The temperature 
dependence of the electron concentration of sample # 52 at temperatures below 250 K 
indicates defect band conduction leading to a deviation of the fitted curve from the 
experimental data. For sample # 52 only data above 250 K was used for the fit. The 
electron concentration of sample # 60 does not vary with the sample temperature indicating 
a doping level above the degeneracy limit. The charge neutrality condition as given in Eq. 
( 1) does not describe the temperature dependence of the electron concentration for a 
degenerately doped semiconductor and, therefore, no fit was attempted. The room 
temperature and the peak mobilities of the n-type OaN samples depend on the Si content 
(Fig. 1 b). Sample # 15, which has the lowest Si content, has a room temperature (300 K) 
mobility of 370 cm2 I Vs and a peak mobility at 150 K of 582 cm2 I Vs. The highest 
mobilities for Si-doped material are measured in sample# 19 with values of 501 cm2 / Vs 
(300 K) and 764 cm2 1 Vs (160 K). In sample# 52 the mobilities are 369 cm2

/ Vs and 459 
cm2 1 Vs (190 K). For sample# 60 the peak mobility is measured at 300 K with 135 cm2

/ 

Vs. The temperature dependence of the mobilities at temperatures higher than the peak 
mobilities is well approximated by a power dependence - T -1.5 for all Si -doped GaN ftlms 
shown in Fig. 18b (except sample # 60). 

Distribution authorized to U.S. Government apclea only to protect information not owned by the U.S. 
GovCI1lDlellt and protected by a contractor's ''limited riJhts" statement, or received with the understandiq that it 
not be routinely transmitted outside the U.S. Government. OCher requests for this document shall be ldemd to 
ARPA Security and Intellisence Office. 



a) 

c;:;-

(K) 

100 

MOCVD-grow n GaN:Si 

23 

b) 

sample#: 
6 15 

5 1019 - ·----···· - .. 19 
~ 0 52 
.[ • 60 
~ 
:a 
:i 
g 
j 
w 

1016 L.J2'---i.-4...1...-..,ji........L.6---'-....I8---t..-1.1...0 _,__1 ...... 2 

1000 IT (1/K) 

102~~~~~~~~~~ 

101 102 

Terrperature (K) 

Fl1. 18. Electroa concentration •• reciprocal temperature (a) aDd HaU 
mobility vs temperature (b) for Sl·doped GaN. The symbols refer to the 
experimental data. The solid lines in Ft1. la result from least squares 
fits to the ezperlmental data. The fits yield parameters for shallow 
donors which are summarized Ia Table n. 

103 

Table n also shows results from secondary ion mass spectrometry (SIMS) for samples # 
1S, 19, S2 and 60. The concentration of atomic Si [Si] was obtained by using an 
implantation standard. The Si concentration follows the amount of SiH4 flow which was 
increased from sample# lS, 19, S2 to 60. The comparison with the donor concentrations 
as obtained from the analysis of the Hall effect data leads to the conclusion that the donor 
labeled 01 is associated with Si incorporation in GaN. Its concentration N01 in samples#· 
lS, 19, S2 and 60 increases according to the SiH4 flow and is, within the errors of the Hall 
and SIMS measurements, equal to the atomic Si concentration in the samples. Therefore, it 
seems reasonable to conclude that the shallow donor level with an activation energy (6En1) 

in the range between 12 meV and 1S meV is due to Si incorporation into GaN. Also, a 
donor with a similar activation energy ( 17 me V) dominates the n-type conductivity in our 
unintentionally doped GaN films. Results from the Hall effect (donor Dl) and SIMS ([Si]) 
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analysis of an unintentionally doped n-type GaN film (# 5033la) are presented in Table n 
and demonstrate that the dominant donor in this film is Si. 

Table II: Parameters for shallow donors as determined from least-squares 
fits of the charge neutrality equation to the experimental Hall effect 
data and results from secondary ion mass spectrometry (SIMS) for n
type GaN samples (column one). The parameter set includes donor 
electron activation energies (AE 01, column two and four) and 
concentration of shallow donors (N 01, column three and five) for two 
independent donors. Also aiven is the concentration of compensatina 
acceptors (Ne•••' column six). SIMS results for the Si content are 
summarized in column seven. 

Hall effect 

sample I ABo1 (meV) N01 (cni3) AB.,a(meV) N02 (cni3) N_,(cnf3
) 

HPS0331a 17 3.txt017 no 

HPlS IS l.lx1017 37 3.9><1016 3.2x1016 

HP19 14 2.3xl017 34 6.9xl016 no 

HPS2 12 7.4x1017 32 6xl016 no 

HP60 

SIMS 

[Si] (cur') 

4xt017 

2x1017 

sxto11 

9xl017 

2xl019 

A second donor level (D2) with an activation energy of - 34 ~v (ABoz} is present in the 
GaN ftlms ## 15, 19 and 52, as determined from the Hall effect analysis. We tentatively 
assign this donor level to the unintentional incorporation of oxygen in these GaN. 0 
substituting for N in the GaN lattice may act as a donor and is a common impurity durina 
MOCVD growth. 

B. PL spectroscopy 

A PL spectrum for sample # 50331a is shown in Fig. 19. Sample # 50331 contains 
4Xl017 cm-3 of Si (SIMS, Table m. The spectrum taken at 2 K, exhibits features which 
are generally observed for n-type GaN. The strongest line (BX) appears at 357.0 nm 
(3.473 eV) with a FWHM of -2.2 meV. This emission line is due to the annihilation of 
excitons bound to neutral shallow donors. At lower phonon energies a series of lines 
labeled ''DAP'' is present in the spectrum. In the literature, they are usually referred to as 
due to donor-acceptor recombinations. The yellow luminescence band centered at -2.2 eV 
is also present in our material. The inset in Fig. 19 magnifies the high energy portion of the 
PL spectrum. PL emission lines are labeled and indicated by arrows. The zero-phonon 
lines (ZPL) are indicated by solid lines and their fli'St LO-phonon replicas by dotted lines. 
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The PL line labeled Ll is positioned at 358.6 run (3.458 eV) is likely to be an acceptor 
bound exciton. The lines L2 and L3 at 369.7 nm (3.353 eV) and 376.7 nm (3.292 eV), 
respectively, indicate Mg contamination since these lines usually appear in our Mg-doped 
GaN; their origin is unknown. The emission lines labeled DAPl and DAP2 are associated 
with donor acceptor pair recombinations and are positioned at 379.0 nm (3.272 eV) and 
390.0 nm (3.179eV), respectively. A broad PL line at (376.4±0.4) nm ((3.294±0.004) eV) 
is labeled "CB". 

15 

12 
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6 

3 

0 

Photon Energy (eV) 

3.6 3.3 3.0 2.7 2.4 2.1 1.8 

BX BX -.. --. 

DAP r 
350 360 370 380 390 400 

n-type GaN 
# 50331a 
T=2.0 K 

350 400 450 500 550 600 650 700 750 

wavelength (nm) 

Fla. 19. PL spectrum for Ulllple I 50331a. PL emlssloa lines are 
labeled "BX","DAP", aad ''yellow PL baad". The Inset maanlftu the 
hiah ener11 portion of the spectrum. Zero-phonon lines are indicated by 
arrows with solid lines aad their tint LO·phonon replicas by arrows 
with doted lines. The arrows labeled "CD" indicate a recombination 
procesa that may involve the conduction band aa the initial state. 

In the following, we use the PL emission lines CB and DAPl to determine the position of 
the optical donor level of Si donors at 2 K. DAPl is the highest energy line and therefore 
should involve the shallowest donors and acceptors, namely Si and Mg. We assume that 
the broad line "CB" is due to the same radiative transition, however, with the initial state 
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being the conduction band edge. The energy difference between the CB and the DAPI line 
yields the position of the optical level in the GaN band gap at EC - (22±4) me V. 

Due to its electronic properties (low thennal activation energy for ionization, efficient 
incorporation and high electron mobility of Si-doped GaN films) Si is well suited as a 
donor dopant for the growth of light emitting devices. . 

Xerox PARC: Properties ofp-type dopants (Mg, Zn) in GaN 

We have studied the properties of Mg and Zn acceptors in GaN employing state-of-the-art 
first-principles calculations. Based on these results we identify the mechanisms which limit 
the achievable bole concentration. In particular, we investigate the following doping 
limiting mechanisms: (i) solubility issues, (ii) compensation or passivation by native 
defects or impurities, and (iii) the incorporation of the acceptors on other sites. 

Solubility: 

We have calculated a phase diagram for the incorporation of Mg and Zn acceptors in GaN 
assuming thermodynamic equilibrium. Acceptor incorporation may be limited by the 
formation of bulk Mg or Zn. However, our calculations show that an even more stable 
configuration is Mg3N2 (for Mg doping) and Zn3N1 (for Zn doping). Thus, the formation 
of these compounds is a lower limit for the M~o. and Zno. fonnation energy providing an 
upper limit for the solubility of Mg and Zn in GaN. 

Compensation by native defects: 

The· incorporation of acceptors dramatically changes the position of the Penni level which 
may enhance the formation of native defects acting as compensating centers. In order to 
address this issue we combined the results about acceptor formation energies with our 
previous results about native defects. 
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Fl1ure 20: Fonnatloa eaer11 vs. Fermi level for the Mloa acceptor and 
the aatlve defects. The correspoadla1 equUibrlum coaceatratlou are 
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given in (b). Ga-rich conditions are assumed. A high formation energy 
indicates that it is hard to incorporate the impurity or defect on a 
particular site, resultin1 in a low concentration. 

27 

The results are shown in Fig. 20 where the formation energy of the M&. acceptor and the 
dominant native defect under p-type conditions (the nitrogen vacancy) are shown. Using 

. the calculated formation energies and taking charge neutrality into account we can calculate 
the equilibrium concentration of the Mg acceptors and the native defects (Fig. lb). The 
results show that the Mg concentration, as expected, increases with the growth 
temperature. The only native defect which occurs in relevant concentrations is the nitrogen 
vacancy. At temperatures exceeding 1000 K the Mg acceptors become increasingly 
compensated by the N vacancies. Compensation by native defects is therefore potentially a 
major concern for high-temperature growth techniques. We note however, that in most 
high temperature growth techniques (MOCVD, HVPB) hydrogen is highly abundant which 
may reduce the compensation by native defects. Growth at ·low temperatures as 
characteristic for MBE may suffer less from this problem since non-equilibrium conditions 
probably apply. This may explain why p-type OaN without post-growth tteatment was 
successful in MBE. 

lncox:poration on otber sites: 

Another mechanism that may limit the hole concentration, is self compensation of the Mg or 
Zn acceptor: instead of being incorporated on the Oa substitutional site the acceptor may 
be built in on other sites where it is electrically inactive or even becomes a donor. As 
possible configurations we have investigated the N substitutional site and several interstitial 
configurations. 

t.o 0.5 1.0 1.5 

l\mli Pa:qy (eV) 

Flpre :zt: Formation ener11 as a function of the Fermi level for M1 in 
different conll1urations (Mg0 ., Mg 1, MIN>• Also included are the 
dominant native defectl (nltro1en vacancy V N>· 
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The calculated formation energies for Mg are displayed in Fig. 21. The positive slope in the 
formation energy indicates that Mg in both configurations acts as a donor: M& as a double 
donor, MgN as a triple donor. Figure 2 shows that the formation energies of M& and MgN 
are negligible; they become comparable with M&J. only under extreme p-type conditions. 
We further find that theN vacancy is the dominant donor: its formation energy is lower for 
Jll Fermi energies. We therefore conclude that Mg will always prefer the Ga substitutional 
site: for Mg, incorporation on other sites can be ruled out. For other possible acceptors 
(particularly elements with a small ionic radius), such effects may be important. 

Milestone #10 (AXT, BU, ATM), Milestone Complete 

• Milestone #10: AXT: Deliver 5 mm scale GaN single crystal substrates to the 
consortium for epitaxial growth. BU: Development of GaN substrates by the VPE 
method. Such substrates will be grown on ZnO coated sapphire substrates. A'IM: 
Characterization of GaN on growth template. 

• Summary: AXT has delivered four 5-mm-scale substrates to Xerox P ARC for growth 
and characterization. BU has constructed two operational VPE machines and has grown 
GaN films on ZoO-coated sapphire substrates. ATMI has grown GaN both on 
sapphire substrates and on the growth template. 

AXT: Four (4) 5 nun-scale platelet substrates were delivered to Xerox for characterization 
and epitaxial growth. These samples were labelled M3-BB-l, M3-BB-2, M3-BB-3 and L3-
BB-5. The samples were a significant improvement in size and quality over the previous 
delivery. All samples appear clear and yellow to orange in color. On face is flat and the 
other has the usual step structure. Xerox has polished samples and grown MOCVD epitaxy 
on both faces. The epitaxial quality appears to be very good. 

The results of loose diamond grinding show that with the appropriate lap selection an 
electronic quality surface can be produced on sapphire very rapidly when compared to the 
standard sapphire polishing technology. AXT will verify this technology on GaN 
materials. 

AXT recently visited HPRC and the most recent crystals are completely clear and glass
like. They have found the proper growth conditions for high quality GaN crystals. HPRC 
projects that_ the new, larger growth system wil be substantially completed in January 1996. 
Growth in this system will start shortly thereafter. 

Boston University: We designed and constructed 'two different halide VPE reactors and we 
are in the process of studying their relative merits. 

React A is schematically illustrated in Fig. 22 and is based on the original design proposed 
by Maruska [ 1]. The system is made of clear fused quartz and it consists of two chambers 
separated by a large bore stopcock. The system employs a 3-zone high-temperature funace 
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leading to a temperature profile as shown in Fig. 23. The advantage of this design is that· 
the growth chamber is not exposed to the atmosphere during the introduction and removal 
of the substrate. Furthermore, the samples can be moved in the load lock chamber for 
cooling down in a ammonia atmosphere. The disadvantage of this design is the 
employment of vacuum grease as a sealant in the stopcock and the endcaps used for the 
injection of reactive and inert gases. We observed that the grease reacts with the byproducts 
of the process and forms powdery deposits. A number of GaN samples were grown on 
this reactor at atmospheric pressure. 

HVPE GaN Reactor A. 
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Reactor B is schematically illustrated in Fig. 24. The novelty in this reactor is the physical 
separation of the Ga-chamber and the growth chamber. A number of samples were grown 
in this reactor at atmospheric pressure. 
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Since the beginning of the program, we have grown 54 samples in the two reactors. Tehj 
second reactor is still under development. A number of deposition parameters were 
investigated. The most important parameters studied included the ratio NH3/HCL and the 
nature of the carrier gas (nitrogen, hydrogen, or helium). The fllms were evaluated by 
XRD, SEM and photoluminescence measurements. The XRD rocking curve for fllms lO
tS J.1Ill thick tends to be between 17-30 arcmin. Fig. 25 shows the rocking curve of one of 
the samples. 
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SEM morphology indicates that the films grown at ratios of NH31HCL of about 10-30 tend 
to be smooth. However, this conclusion is stil tentative and further studies will be 
conducted during the next quarter. An example of such SEM surface and cross-section 
morphology is shown in Fig. 26. This sample was grown at NH3/HCL = 13 at a growth 
rate of 1 S JUillhour. 

An SEM lma1e of GaN grown via HVPE at BU. 
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The PL data show features either at 3.48 eV or close to 3.28 eV. A specific example 
showing both of these features is shown in Fig. 27. 
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Typical PL spectra of HVPE GaN. 

Boston University has purchased two sputtering targets for the development of ZnO 
coating on sapphire substrates by the method of sputtering. One target consists of elemental 
Zn and the formation of ZnO will involve the reactive sputtering in an oxygen atmosphere. 
The second target in ZnO and formation of ZnO films will involve sputtering in an At
atmosphere. There are conflicting reports as to which is the better method of forming good 
crystalline quality ZnO. The development of ZnO coatings on sapphire will continue during 
the next quarter and GaN films will be formed on such coatings by the VPE method. 

A'IM: Our objectives for this period were to produce and analyze GaN on the growth 
template. In order to meet these goals, we initially established a baseline for tbe reactor by 
growing GaN on sapphire substrates, and then procccdcd to grow GaN on the removable 
growth template. 

High quality GaN was grown on (000 1) sapphire substrates at growth rates in excess of 50 
JLmlhr. The crystal quality is excellent, as demonstrated by the narrow double crystal x-ray 
rocking curve (best FWHM = 184 arcsec.) shown in Figure 28. The room temperature 
photoluminescence (PL) spectrum (Figure 29) obtained from the same sample is dominated 
by near band edge emission at 3620A, with a FWHM of 47 A. The surface morphology is 
slightly rough, as shown in the Normarski optical microscope photographs of Figure 30. 
Additional work will be done to optimize the surface morphology. In general, these 
characteristics are comparable to high quality GaN grown by any method. 
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Fi1are 28. Double crystal x•ray rockin1 curve for a GaN layer 1rown 
on (0001) Sapphire. 
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Ficure 29. Room temperature photoluminescence spectrum obtained 
from a GaN sample 1rown on (0001) sapphire. 

(b) 

Flpre 30. Normarlul contrast Interference mlerotcope lmaaa of the 
surface of a GaN sample arown on (0001) sapphire, at maplllcatlou of 
(a) 255 X and (b) 645 X. 
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The results obtained in the growth of OaN on sapphire provided a baseline for the growth 
reactor, but it would 1;le difficult to remove the sapphire to leave a free standing GaN 
substrate. Thus, we initiated growth on a removable growth template. Initial GaN layers 
on the growth template were discontinuous and polycrystalline. Figure 31 demonstrates 
the lack of surface coverage that was obtained in some of the initial films, as the grown 
layer did not adequately "wet" the template surface. By adjusting growth parameters, 
continuous, single crystal OaN was obtained. The surface morphology of these layers is 
shown in the high magnification Nonnarski contrast interference microscope imase of 
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Figure 32. The surface contains many hexagonal pits and is cracked. 9-29 scans 
demonstrate that the GaN films are single crystal. The FWHM of the rocking curve of the 
(0002) peak is approximately 2 arcrnin for these films. In addition, intense PL emission is 
measured from these GaN samples grown on the growth template. As shown in Figure 
33, the emission is dominated by near band edge emission at 3645 A, and no deep level 
emission was observed. In conclusion, very high quality GaN has been grown on 
sapphire substrates, and single crystal GaN has been grown on the growth template. 

Fl1ure 31. Normarbl contrast interference microscope lma1es of the 
surface of an initial GaN sample crown on the arowth template at a 
macuiftcation of 65 X. 

Fipre 32. Normarkai contrast Interference microscope lma1e1 of the 
surface of an improved GaN sample crown on the 1rowth template at a 
hiper ma1niftcatlon of 645 X. 
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Fiaure 33. Room temperature photoluminescence spectrum obtained 
from a GaN sample 1rown on the arowtb template. 
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In the next reporting period we will focus on improving the surface morphology of GaN 
grown on sapphire, improving the overall quality of the GaN ftlms grown on the growth 
template and delivering GaN samples to the consortium for growth and characterization. 

Milestone #11 (HP), Milestone Complete 

• Milestone #10: HP: RIB etching of GaN ftlms demonstrated. 

• Summary: 

GaN, InGaN and AIGaN films have been etched using reactive ion etching (RIE). Several 
different plasma chemistries have been investigated including various combinations of 
chlorine compounds, argon and methane/hydrogen. We are currently using a SiCIJC4, gas 
mixture to defme the mesas in our LED device fabrication process. Under standard 
conditions, the etch rate is approximately SO nmlminute; the typical l.S micron taU mesas 
are etched in 30 minutes using Si02 and thick photoresist as the masking materials. Figure 
34 is a SEM micrograph of an array of mesas with n- and p-contacts after removal of the 
mask material. The uniformity is excellent over a 2" wafer. Figure 3S is a higher 
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magnification view showing the smooth sidewalls and etched n-GaN surface at the comer 
of a single mesa. 

Flaure 34: An array of RIE·etc:becl GaN!lnGaN/GaN mesa. 

Flaure 3!: Edae of a sin1le mesa etc:bed via RIJ£. 
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Overview: 

The BlueBand program is changing focus from materials-related issues to increasingly 
device related milestones. In the first year of the program, basic materials issues such as n
and p-type doping, AlGaN and loGaN growth, native defect behavior, basic 
crystallography have been addressed. Homojunction, heterostructure and quantum well 
diodes have been constructed. At the point of writing of this report, HP has demonstrated a 
blue LED with -70% of the optical intensity of the Nichia quantum well device. 

In the coming year, the milestones, particularly of HP and SOL, become increasingly 
device driven. Upcoming milestones of this type include high-brightness LEOs, single 
mode waveguides, facet construction and the achievement of a pulsed injection laser in the 
nitrides. 

The consortium met during this quarter and decided the issue of substrate vendor 
downselecl Based upon both technical and financial reasoning, the BlueBand consortium 
has decided to continue into the second year with A TMI as the continuing substrate vendor. 

Summary: Milestones 17 through 21 are completed. 

Milestone #17 

Microstructure of undoped and hiply doped GaN epllayers 

The microstructure of highly doped GaN layers grown epitax.ially by MOCVD at Xerox 
P ARC has been characterized using transmission electron microscopy. High pUrity GaN 
was used as reference. In all cases, a columnar structure is evident, with column 
diameters between 0.2 and 1.0 mm. The cbaracteristics of the columnar structure are 
reflected in the x-ray diffraction rocking curves (XRRC). A distribution of tilt of the c-axis 
of -s arcmin and a distribution in the rotation of the c-axis of -8 arcmin is characteristic of 
some high quality materials. The addition of silicon for medium level carrier concentrations 



( 
' 

(mid l017cm·3) does not seem to affect the columnar structure. Higher carrier concentration 
(about 1019 cm-3

) produces significant changes in the XRRCs and in the measured lattice 
parameter (cf work by Brent Krusor on HP samples). Similarly, the addition of 
magnesium does not affect significantly the microstiUcture for low/medium doping levels. 
Energy dispersive x-ray analysis supports the concept of Mg3N2 precipitates for Mg 
concentrations above 1019 cm·1• The nature of dislocations does not appear to change 
noticeably when crossing a p-n junction between highly doped materials. This has been 
observed in Nichia LEOs as well as in a number of other samples. A few differences are 
observed with the use of other complementary techniques. 

(a) Undoped GaN: The columnar structure of high purity material is easily observed with 
cathodoluminescence (CL). The near bandedge emission appears to be associated with the 
center of the column, and the yellow-region with dislocated regions [ 1 ]. Dislocations have 
burgers vectors of a, a+c and c [2]. Nanotubes and inversion domains have been 
identified in certain regions of the sample. Most of the nanopipes are associated with screw 
dislocations with a burgers vector of c [3]. One issue which is very stimulating is that the 
lattice of GaN/sapphire seems to be fully relaxed from the thermal stresses expected from 
this system. Lattice parameter measurements indicate that for device quality materials there 
is very little difference between bulk and heteroepitaxial lattice parameters. We have 
proposed a model for the relaxation of the thermal stresses based on the dislocation 
geometry [4]. 

(b) Highly Si- and Mg-doped films: The CL is uniform spatially for high-luminescence 
wavelengths. The disappearance of the columnar structure (in the CL images, but not in 
the TEM images) is intriguing. We have found that Raman scattering can be used to image 
the spatial variation of donors in the material, and images of donor distribution in 
hexagonal hillocks have been obtained [ 5]. As grown Mg-doped films give a particular 
Raman signal at S 19 em·• which vanished after the thennal anneals used for acceptor 
activation [6]. We are in the process of establishing the connection between CL, Raman, 
and the microstructure. We need to be able to quantify the strain associated with 
dislocations. We suspect that dislocations getter some of the dopants and as a result of 
dopant reaction with the core the dislocation strain is relaxed. 
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Milestone # 18 

Heterojunction arowth for fundamental bandoffset studies. 

UT Austin has successfuiJy grown InGaN/GaN and AlGaN/GaN heterojunctions and 
samples are being studied using low-temperature PL and will be supplied to the 
Consortium members for further study. 

Milellone #19 

Fabrication of pin AIGaN/GaN heterojunctlon. Turn-on voltaae aoal 
speclftcatlon Is less than 4.4 V. 

An Aio.01G&o.nN'IGaN heterojunction was grown which showed diode behavior similar to 
the GaN/GaN homojunctions that we have produced. I-V and L-1 curves for both junction 
types are shown in Figures 1 and 2. Light output for the heterojunction device is one-third 
that of the homojunction device. V characteristics are nearly identical, with a 20 mA Vf of 
7.6 to 7.7 volts. Peak wavelength is 471 run for the A10.01G&o.nN'IGaN device and 465.4 
nm for the GaN/GaN device. The forward voltage is greatly improved to a value of 4.4 
volts by increasing the Mg concentration m the p-GaN layer, facilitating ohmic contact 
formation. UT Austin has recently achieved p-type doping and has now demonstrated a 
working p-n GaN homojunction. This LED is now under characterization. 



Electrical characterization of p·n homojunctions-

The ability to dope GaN n- and p-type by employing Si as a donor and Mg as an acceptor 
leads to the fabrication of p-n• junction devices. The diodes were grown on sapphire 
substrates and the p and n• layers were -s J.UD and O.S6 Jlin thick, respectively. 1be 
acceptors were activated with a standard postgrowth furnace anneal. Reactive ion etching 
was employed to fabricate mesa structures with a diameter of O.S mm. Ohmic metal 
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contacts were deposited on the n• and p-layers. The perfonnance of the diodes was tested 
with cuiTent-voltage (1-V) and capacitance-voltage (C-V) measurements. Results are shown 
below. 



The analysis of the C-V data reveals an effective acceptor concentration (NA-ND) of 
-2x1018 cm-3 uniformly distributed over the depth of the capacitance measurement. In the 
case of acceptors in Mg-doped GaN the C-V measurement determines the acceptor 
concentration (minus the concentration of donors) rather than the hole concentration. The I
V characteristic of a representative diode is shown in the inset (above). The leakage current 
at a reverse bias of -4 V is -2.1 JJ.A. 

The diodes were utilized in deep level transient spectroscopy (DL TS) measurements to 
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investigate deep level defects in p-type GaN for the first time. The diodes were well suited 
for these measurements whicb use a 1 MHz test-signal to measure the differential 
capacitance. The analysis of the DLTS data yielded deep levels with activation energies for 
hole emission to the valance band of (0.21 ± 0.03) eV (ET(DLP1)}, (0.30 ± 0.11) eV 
(ET(DLP2)), and (0.4S ± 0.10) eV (ET(DLP3)). The concentrations of the deep levels 
(NT) were found to be (3.9 ± 2.3)x1014 cm-3 (NT(DLP1)), (S.O ± 2.0)x1014 cm-3 
(NT(DLP2)), and (8.6 ± 1.4)x1014 cm-3 (NT(DLP3)). 

The identification of deep levels in GaN and the ability to control their concentrations are 
important issues for the fabrication of light emitters with m-V nitrides siDce deep 1evd 



defects may act as efficient recombination centers and influence the efficiency of LEOs or 
the threshold power for injection lasers. 

Publications submitted: 

1 A donor-like deep level defect in Al1wGa4 ,/{ cht.Jracteriz.ed by capacitance transient 
spectroscopies 

W, GOtz, N.M. Johnson, M.D. Bremser, .and R.F. Davis, Appl. Phys. Lett. (1996) 

2 Activation of acceptors in Mg-doped, p-type GaN 

W. Gatz. N.M. Johnson, J. Walker, D.P. Bour 

Sympo~ium E of the 1996 Spring Meeting of the Materials Research Society, April 8-
12, 

1996, San Francisco, CA 

Publications appeared: 
. 

1 . Activation Energies of Si Donors in GaN 

W, GOtz, N.M. Johnson, C. Chen, H. Liu, C. Kuo, and W. Imler, Appl. Phys. 
Lett. 68, 3144 (1996) 

2 Deep level defects in Mg-doped, p-type GaN grown by metalorganic chemical vapor 
deposition 

W, Gatz, N.M. Johnson, and D.P. Bour, Appl. Phys. Lett. 68, 3470 (1996) 

Milestone #20 

Substrates: Evaluate SiC vs. AIJOl, MBE arowth of GaN films OD M-plane 
sapphire, proaram plans for AXT and A TMI. 

All companies within the consortium have grown on SiC, alona with the more common C
plane sapphire. At present the consortium members are not planning to put significant 
emphasis on SiC, due primarily to the high cost of SiC substrates. Growth on micropipe
free SiC is more forgiving to process variations, however, no significant performance 
advantage in terms of mobility, diode perfonnance, etc., bas been found 

GaN fllms were grown by the MBE method on the M-plane (1010) of sapphire, with or 
without a low temperature buffer. The structure and the opto-electronic properties of these 
films are summarized as follows. 

A. FiiQll 1ron without a low tcmgeratgre buffer. 



The only cleaning procedure of the substrates was heating in molecular hydrogen to 700°C. 
Films approximately 1 ).1m thick were grown at this temperature and doped with the Si-cell 
at l375°C. 

•SEM examination reveals relatively smooth surface morphology but with micropores 

about 1 oooA in diameter. 

•XRP examination reveals two reflections, a strong one with Miller indices (1122) and a 

weaker one with Miller indices ( 10 10). 

• Hall effect measurements show that the material is heavily doped with carrier 

concentration 3-4 x 1011 cm·3
, electron mobility ~m2 N-sec and resistivity 3 xHt2 

ohm-em. 

• Photoluminescence measurements with a 10mW He-Cd laser show a strong 

luminescence across the gap (365nm) with no observable yeHow luminescence. 

B. Films arown with a low temperature buffer. 

In this series of films the substrate was first nitridated at 750°C, then cooled to soooc for 
the growth of a 250A thick GaN buffer and heated to 750°C for the growth of about l)J.ID 
thick film. The temperature of the Si-cell was at 1350°C. 

• SEM examination reveals very smooth surface morphology. 

• XRD examination reveals again two reflections with indices (1122) and (1010) as in the 
previous case. 

• ConductivitY measurements show that the material has a resistivity 130 ohms, which is 
4.3 x lQl times larger than the resistivity of the samples grown without a buffer. 

• Photoluminescence measurements show a sharp photoluminescence peak at room 
temperanue (FWHM = 79meV) occurring at 365nm. The intensity is one order of 
magnitude weaker than in the previous sample. These samples do not show yellow 
luminescence as well. 

Conclusions: 

The main conclusions from this study can be summarized as follows: 

1. The low temperature buffer promotes two dimensional growth leading to smoother 
surface morphologies. This result is similar to growth on the c-plane. 



2. The investigated conditions lead to the growth of (1122) and (1010) planes. However, 
these planes are not well matched to the M-plane sapphire. The plane we want is the 
(1013), in which the mismatch with the sapphire (1010) lattice in he two perpendicular 
axes is the minimum. (The mismatch is 2.6% in GaN [ 121 0]/sapphire [000 1] direction 
and 1.9% in GaN [303~.]/sapphire [2110] direction). Further work is required to 
identify conditions for the epitaxial growth of the (1013) plane. 

3. The films without a low temperature buffer dope far more efficiently with silicon than 
the films with the buffer. The evidence suggests that the films with the buffer are more 
strained and this probably affects the incorporation of silicpn in the sites. 

4. 'The photoluminescence intensity is reduced as the carrier concentration is reduced. 
However, no yellow luminescence is observed even at low doping levels. This is 
generally opposite to GaN on the c-plane which shows yellow luminescence at low 
doping levels. 

AXT and HPRC have made dramatic progress in crystal growth. The most recent crystals 
are nearly 1 em in scale ( -8 mm by - 8 mm). They are quite clear and have smooth 
surfaces. Since the beginning of the program, the crystal area has been scaled up by a 
factor of two every three to four months. At the current rate of development, the crystals 
will reach 2-2.S em diameter in approximately 12 months. MBE epitaxial growth at the 
University of Ulm shows the narrowest exciton lines for any GaN material. The FWHM 
of the lines is on the order of O.S me V. In addition, exciton lifetime studies at HPRC show 
that the lifetime of the GaN on GaN epitaxy is an order of magnitude greater than that of 
GaN on sapphire. This is a clear indication of the superior quality of the GaN on GaN 
epitaxial fllms. 

A reactor design was carried out for the growth of 2-2.S em scale crystals. This design 
shows that the reactor for manufacturing commercializable substrates comparable to that 
for other crystal growth systems. The estimated cost, if built in Poland, is competitive with 
other technologies. 

The polishing tests resulted in about a 6 A RMS surface finish. This is still not as good as 
shown by XEROX and further refmement of the technique is required. 



Future Plans 

AXT participated in the downselect meeting hosted by HP on 13 June 1996. The Blue 
Band Consortium decided against continuing support of bulk crystal development. Given 
the high quality of the epitaxy which has been demonstrated by the Blue Band and others 
on GaN substrates, AXT expects that a true UV or blue laser will be demonstrated 
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successfully on the GaN substrates. 

ATMI: 

During this work period, we have further improved the uniformity and quality of GaN 
grown on sapphire by HVPE. In addition, we directly addressed the components needed to 
make free-standing GaN, namely: 

• Improved the quality of GaN on the template substrate by HVPE 

• Reconfigured the HVPE reactor to allow for backside template etching 

• Demonstrated Si template etching at large etch rates 

Several samples have been delivered to the Consortium for epi-layer growth and 
characterization: 

• 3- 2" wafers of GaN grown on Sapphire 

• A small piece of free-standing GaN 



• GaN grown on the template substrate 

Plans for Second Year: 

We have demonstrated all the components needed to make GaN substrates by the method 
which we proposed in this program. These will be combined to remove the silicon template 
from crack-free GaN on silicon to produce free-standing GaN substrates. In addition, there 
is potential for other removable template materials which could act as a substrate for GaN 
growth. Among the candidates which are of interest are: 

• Lithium Gallium Oxide (LGO) 

• Lithium Aluminum Oxide (LAO) 

• Zinc Oxide 

Finally ATMI has worked at predicting the wafer cost for a 2" GaN wafer grown via 
HVPE. The cost curve is $1500 @ 100 wafers/month (w/m), $400 @ 1000 w/m. and 
$250@ 10000 w/m . 

. Milestone #21 

GaN LED Demonstration 

Materials and modeling parameters that critically influence LED operation 

Numerical device simulations can greatly aid the optimization of LED (as well as laser 
diode) structures. The ability to perfonn such simulations is currently hampered by 
incomplete knowledge of a number of basic materials parameters in the nitrides. We have 
surveyed the literature to obtain state-of-the-art values for the key parameters, and identify 
areas where first-principles calculations can provide new or more accurate information. 
Here we focus on parameters describing the band structure of the component materials. 

For ternary alloys, linear interpolation between the values for the constituent binary 
compounds often provides adequate parameter values. However, some parameters exhibit 
nonlinear behavior as a function of alloy composition. The prime example is the bowing of 
the band gap. Our first-principles calculations have produced values of b=0.5 for AlGaN 
and lr-:1.0 for InGaN; these results are very close to those obtained by A. F. Wright and J. 
S. Nelson [Appl. Phys. Lett. 66, 3051 (1995)]. It is expected that refractive indices will 
also exhibit a nonlinear dependence on composition. 

The band structure of the component materials is not only a function of alloy composition, 
but also of strain induced by lattice mismatch. The effect of strain on the band structure can 
be described in terms of deformation potentials. We have calculated the following values 
(in eV, Pikus-Bir notation): 



AlN GaN InN 

a (hydrostatic) -9.1 -8.0 -S.O 

b (100 strain) -l.S -1.7 -1.2 

d (111 strain) -4.S -4.2 -3.0 

Finally, we point out that heterojunction band offsets may be the most crucial parcuneters 
detennining optoelectronic device behavior. Measured values of band offsets in the nitride 
system exhibit a gmtt deaJ of scatter right now, which is at least in part due to improper 
inclusion of the effects of strain. First-principles calculations of the band lineups, 
including strain effects, are in progress. 

Published: 

'"Defects, impurities and doping levels in wide-band-gap semiconductors", C. G. Van de 
Walle and J. Neugebauer, Braz. J. Phys. 25, 163 (1996) . 

.. Native defects and impurities in GaN'', 1. Neugebauer and C. G. Van de Walle, 
FestkOrperprobleme/Advances in Solid State Physics 35, 163 (1996). 

Acccp!cd for publication: 

.. Gallium vacancies and the yellow luminescence in GaN'', 1. Neugebauer and C. 0. Van 
de Walle (Applied Physics Letters, July 22 1996). 

Submitted: 

"Role of hydrogen and hydrogen complexes in doping of GaN'', I. Neugebauer and C. G. 
Van de Walle, MRS Symposia Proceedings Vol. 423 (MRS, Pittsburgh, PA). 
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Summary: Milestones 12-16 ltave been completed 

Milestone #12, Milestone Complete 

• Milestone #12: Photopumping set-up completed; PL studies initiated 

The PL systems are now installed and are operational. UT Austin how has a Coherent 
Radiation "Saber" CW UV laser operating at 244 nm; and a Laser Photonics pulsed N2 
laser 

Milestone #13, Complete 

• Milestone #13: Structural· characterization of AlGaN layers. 

The microstructure of AIGaN layers grown epitaxially by MOCVD at SDL has been 
characterized using transmission electron microscopy. AIN buffer layers were first 
deposited on (0001) sapphire substrates at about 550°C followed by growth of a 0.5 J.Lm 
thick Alo.sGao.sN film at 1050°C. Figure 1 is a TEM immage showing the associated 
microstructure. Misfit dislocations are obsrved at the substrate/buffer layer interface 
with a separation of about 20.3A. The buffer-layer/AlGaN interface shows a misfit 
dislocation arrangement with a period of 226A. These values are consistent with the 
12.5% lattice mismatch between AlN and Al20 3, and the 1.19% mismatch between 
Alo.sGao.sN and AlN. The buffer layer leads to a film microstructure which can be 
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described as a columnar structure with a distribution of tilt and twist orientations. 
Materials with best electronic properties have a distribution of 5 arcmin for tilt, and about 
twice as much for twist. Threading dislocations observed in these materials are the result 
of these low angle grain boundaries. 

F1g. 1 TEM miaograph of tbeAIGaN ftlm: (a) and (b) misfit 
dislocations at the AIN/AilOJ andAIGaN/AIN Interfaces; (e) and (d) 
stacking faults along basal planes. 

AIUenone#l4~UenoneCompk~ 

• Milestone #14: Controllable p-type doping in GaN demonstrated between 1017 and 
1 ots cm-3. Demonstration of p/n homojunction, w/goal specs of tum-on voltage less 
than 4.5 V and reverse breakdown voltage greater than 10 V. Deliver sample to Xerox. 
Metal contacts for p-type GaN films. Deliver heavily n-doped samples to Xerox for 
material study. Electrical characterization of acceptor-doped GaN. Calculate 
properties of n-type dopants (SI, 0, C) in GaN. Studies of passivation in nitride 
films initiated. Doping demonstrated for p- and n-type GaN in D system. 
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Figure 2: The Ball data of AJ.o.osGao.9sN grown at SDL 
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P-type doping has been demonstrated to a doping level of -2 x 1018 cm-3. Figure 2 shows 
the room-temperature hole concentration and mQbility. Figure 3 shows the hole 
concentration vs temperature. The composition of the sample is Alo.osGao .. 9sN. Doping 
levels exceeding 1017 cm-3 have been achieved in Alo.IsGao .. ssN. HP, SDL (and Xerox) 
have all demonstrated good p-n junction operation. Figures 4 and S show the I-V 
characteristics of junctions fabricated at HP and SDL, respectively. The turn-on voltage 
of the p-n junction is -JV with small leakage currents observed in reverse-biased 
operation. 
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1-V Curve of SOL p-n Junction 
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Figure 5: I-V Curve of SDL p-n Junction 

Both SDL and HP have examined p-metals. The experimental work done to date shows 
that the dominant p-metal of the literature, NiAu, is an acceptable contact metal for p
type GaN. HP has investigated NiV/AuZn and AuPd. The results of this investigation at 
HP is shown in Figure 6. The AuPd contact is linear following a contact anneal (upper 
panel). The NiV/AuZn contact is not ohmic even after the metal anneal. 
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HP and SOL have delivered both n- and p-type samples to Xerox for characterization. In 
fact, the p-type characterization shown in Figures 1 and 2 are the result of such 
collaborative efforts with the d~ta of Figure 1 being generated at SOL while the data of 
Figure 2 has been measured at Xerox. 

SOL's investigation of p-metal contacts includes the following elemental metals- Ti, An, 
Pd, Pt, Ni - and the following combinations - NiAu, TiAu, TiPd, and PtPd. Currently 
our work has indicated that Pd is the best metallic contact to GaN:Mg and that of the 
metal combinations PtPd has good contact properties coupled with excellent thermal 
stability. 

One of the difficulties associated with doping GaN p-type with Mg is the relatively high 
activation energy for ionization of the acceptors. Thus only -1% of the active acceptors 
are ionized at room temperature and contribute holes to the valence band for the p-type 
concentrations ofMg atoms are required to obtain sufficiently high hole concentrations at 
room temperature. The presence of many acceptor states leads to impurity band 
conduction. 

To illustrate these problems, in Figure 7, we show results from variable temperature Hall 
measurements (symbols) obtained from three Mg-doped GaN samples. The acceptor 
dopant was activated for all the samples shown in Figure 6. Figure 6a shows hole 
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Figure 7. Hole concentration vs. reciprocal temperature (a) and mobility v1. 
temperature (b) for three Mg-doped, p-type GaN sampla. The symboll refer to the 
experimental data. The 10lid lines in Figure 6a result from least-squares fits 
assuming a single acceptor and donor compensation to the experimental data. 

concentrations as a function of the reciprocal temperature; the Hall scattering factor was 
assumed to be temperature independent and of unity value. The temperature dependence 
of the hole concentration measured for sample Xerox # 49 is dominated by the ionization 
of a single acceptor. The Activation energy for ionization and the concentration of this 
acceptor were determined from at least-squares fit (solid line) of the charge neutrality 
equation to the experimental data. The activation energy is -170 meV and the acceptor 
concentration is 2 x 1019 cm-3. Our analysis of the Hall effect data also provides the 
concentration of any donors present in Mg-doped GaN samples. for the Xerox sample 
this concentration is -2 x 1018. An activation energy in the range between -160 meV and 
-185 meV is usually observed for Mg-doped GaN. The second sample shown in figure 7 
was grown at Meijo University in Japan (#50) and is shown here as a reference. The 
results for the activation energy, the acceptor concentration, and the concentration of the 
compensation are -165 meV, 8 x I019 cm-3, and 4 x 1018 cm-3, respectively. the third 
sample was grown at SOL (#41-A694). This sample exhibits hole concentrations of 
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-2 x 1018 cm·3 which are independent of the sample temperature. This behavior is 
indicative of impurity band conduction. As a consequence the SOL sample has the 
highest hole concentration at room temperature (300K) as indicated by the vertical dashed 
line in Figure 6a. Hole mobilities for the three samples are shown in Figure 6b. Hole 
mobilities for the three samples are shown in Figure 6b. The Xerox sample exhibits the 
highest hole mobility, which corresponds to the lowest acceptor concentration. The 
sample which is dominated by impurity band conduction (SDL # 41-A694) shows the 
lowest hole mobility. Consequently, the resistivities of the p-type layers tum out to be 
nearly identical (-30cm at 300K). 
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1. Electronic and Structural Properties ofGaN Grown by Hydrid Vapor Phase Epitaxy, 
W. GOtz, L.T. Romano, B.S. Krusor, N.M. Johnson, and R.J. Molnar, Appl. Phys. 
Lett. ( 1996) 

2. Activation Energies of Si donors in GaN, W. Gotz, N.M. Johnson, C. Chen, H. Liu, 
C. Kuo, and W. Imler, Appl. Phys. Lett. (1996) 

3. Deep Level Defects in Mg-doped p-type GaN grown by Meta/organic Chemical Vapor 
deposition, W. Gotz, N.M. Johnson, D.P. Bour, Appl. Phys. Lett. (1996) 

4. Shallow dopants and the Role of Hydrogen in Epitaxial Layers of Gallium Nitride 
(GaN), W. Gotz~ N.M. Johnson, D.P. Bour, C. Chen, H. Liu, C. Kuo, and W. Imler, 
Proceedings of the 189th Meeting of the Electrochemical Society, Los Angeles, CA, 
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Submitted: 

I. Activation of Acceptors in Mg-doped GaN grown by metal organic chemical vapor 
deposition, W. Gotz, N.M. Johnson, J. Walker, D.B. Bour, and R.A. Street, Appl. 
Phys. Lett. 68 (5), 667 (1996) 

We have studied the properties of various donor impurities in GaN, based on state-of
the-art first-principles calculations. We arrive at the following conclusions: (a) Carbon is 
unlikely to incorporate on the Gasite, where it would act as a donor; it prefers to 
incorporate on the N site, where it acts as an acceptor. (b) Silicon and oxygen are both 
shallow donors in GaN, and can be incorporated in high concentrations. The solubility of 
Si is limited by formation of Si3N4; the solubility of 0 is limited by formation of Ga203. 
We propose that incorporation of Si and 0 as unintentional impurities is responsible for 
the observed n-type conductivity as-grown GaN. (c) The dominant native defect inn
type GaN is the gallium vacancy. Its concentration is low enough not to cause significant 
compensation; we propose, however, that the gallium vacancy is responsible for the 
infamous "yellow luminescence." 
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1. "Hydrogen in GaN: Novel aspects of a common impurity", J. Neugebauer and e.G. 
Van de Walle, Phys. Rev. Lett. 75, 4452 (1995). 

2. "Role of hydrogen in doping of GaN", J. Neugebauer and e.G. Van de Walle, Appl. 
Phys. Lett. 68, 1829 (1996). 

Submitted: 

1. Gallium vacancies and yellow luminescence in GaN", J. Neugebauer and e.G. Van de 
Walle (Applied Physics Letters). 

At the University of Texas at Austin studies of H passivation in nitride films have been 
initiated. We have begun to study the incorporation ofH in GaN in the new EMCORE 
D 125 reactor. Parameters for the growth of the buffer layer and the high-temperature 
layer have been varied. Samples are being grown under a variety of conditions and will be 
sent to HP for characterization and then to Xerox for further analysis. 

At the University of Texas at Austin, doping has been demonstrated for p- and n-type 
GaN in D system. We have grown n-type films using Sili4 as a dopant source and have 
established growth conditions for n-type films with n-1El7 to 2E19 cm-3 concentrations. 
P-type doing studies using Mg as an acceptor atom are underway at time. We have not 
yet demonstrated good activation of Mg acceptors. Mg-doped GaN films have low 
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conductivities and the doping concentrations are not measurable but are believed to be p
type from thermal probe tests. 

Milestone #15, Milestone Complete 

• Milestone #15: Development of GaN films on single crystalline ZnO substrates. 
Deliver GaN samples for Consortium growth and characterization. Deliver 1 em scale 
GaN single crystal substrates to Consortium for evaluation. 

• Summary: 

During this quarter GaN films were grown both on bare and ZnO coated (0001) sapphire 
substrates by the VPE method at growth rates varying from 20-100 ~our. Conditions 
and luminescence properties are similar to those produced by MBE and MOCVD. 

A large number of thick (20-150J,J.m) GaN samples were grown on bare (0001) sapphire 
substrates in order to optimize the deposition parameter space. The deposition rates 
were varied from 20-100 J..Lm/hour by adjusting the flow rate of HCI. The films were 
characterized by studying their surface morphology and cross-sectional views using SEM, 
their structure using XRD and their electronic properties by room temperature and low 
temperature (77K) photoluminescence spectroscopy. The optimized films show XRD 
curves of -9 min., a substantial improvement over last quarter's 17 min. figure and have 
featureless, smooth surfaces. 

ZnO films were grown on sapphire substrates by sputtering either from a ZnO target or a 
Zn target. Films grown at above 300° C were found to· be crystalline with their (0001) 
axis perpendicular to the substrate. The surface morphology of these films is relatively 
smooth. GaN films (about 10 J..Lm thick) grown on a ZnO-coated (000 1) sapphire 
substrate sho~ very dense cross-sectional views but rather rough surface morphology. 

Conclusions: 

Films grown directly on (000 1) sapphire by the VPE method were found to have smooth 
surface morphologies if the growth rate is less than 50 J..Lmlhour. ZnO thin films with 
good crystallinity and surface morphology were grown on (0001) sapphire by reactively 
sputtering either from ZnO or Zn targets. GaN films were grown on such substrates and 
show dense cross sectional view but rougher surfaces. 

References: 

1. t.D. Moustakas, Mat. Res. Soc. Proc. vol. 395 (1996). 
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Two (2) samples and micrographs delivered to AXT by HPRC. AXT has delivered these 
samples, of maximum dimension of 5-6 mm to XEROX-PARC. 

Four (4) 5 mm-scale platelet substrates were delivered to XEROX-PARC for 
characterization and epitaxial growth. XEROX polished both sides of two samples and 
grew MOCVD epitaxy on both faces. The epitaxial quality was very good and the results 
were reported in a paper at the Boston MRS fall meeting. TEM measurements did not 
locate any dislocation defects on the good side (Ga side) of the crystals thus placing the 
upper limit of the dislocation defect density at less than 1 0"6/cml. This is about two 
orders of magnitude lower than the lower limit of the best GaN epitaxy on SiC. On the 
poor side (N side} a high density (108/cm-2) of dislocation loops apparently originating at 
gallium inclusions was seen. The PL and CL show that the quality of the MOCVD films 
is better than films grown on sapphire or SiC. The FWHM of the lines was <2meV. 

A variety of processing errors with the remaining two crystals resulted in structures of 
poor quality. After review with Xerox of the procedures to be used in processing the 
GaN crystals AXT has supplied a fifth (5) 5 mm-scale crystals to Xerox for structure 
growth. 

Xerox has demonstrated that their polishing process which was developed for polishing 
facets for structures gown on sapphire works well for polishing the single crystal GaN 
substrates from Poland. AXT has also been exploring the polishing of GaN using loose 
diamond slurry. We are currently exploring the effects of changing grit size, lap 
properties, pressure and speed on obtaining a growth-ready surface on GaN; however, 
this process is not ready for preparing the crystals for epitaxial growth. 

HPRC has installed a 20 mm diameter crucible. This is scaled up from their mm crucible. 
Currently they are in the process of optimizing growth in this larger crucible. Since the 
size of the crystals is limited by the scale size of the crucible, it should be possible to 
grow 1.5 to 2 em scale crystals. Also, HPRC has received a 60 mm diameter high 
pressure furnace. This will be able to hold 30-35 mm diameter crucibles which is 
projected to permit the growth of 2-2.5 em scale crystals. This work would be completed 
in Phase II. 

Since the size of the crystals is limited by the scale size of the crucible, it should be 
possible to grow 1.5 to 2 em scale crystals. Also, HPRC has received a 60 mm diameter 
high pressure furnace. This will be able to hold 30-35 mm diameter crucibles which is 
projected to permit the growth of 2~2.5 em scale crystals. This work would be completed 
in Phase II. 

During the course of this program. HPRC has shown dramatic improvement in the 
quality of the GaN single crystals. The first crystals which were delivered to us were 2 
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MM scale and dark brown, almost opaque. The next lot of 5 mm scale crystals were a 
clear yellow to orange color and much better in appearance. The 1 em scale crystals are 
almost colorless and transparent. When AXT visited HPRC last October, we were 
shown 5 mm scale crystals which were completely colorless and transparent. HPRC 
believes that the large crucibles will permit the transfer of this quality to proportionately 
larger crystals. 

HPRC has completed the crystal deliverables for this program. They will prepare a plan 
for Phase II during which we expect to obtain crystals of 2-2.5 em size. In the meantime, 
HPRC is proceeding with th~ir optimization of the larger crucibles. During Phase I, 
HPRC met all of the program objectives ahead of schedule and has shown excellent 
progress. 

We believe that a demonstration of a III-Nitride laser on a homosubstrate is important for 
the success of our program as well as a key accomplishment for the Blue Band 
Consortium. 

We are continuing with the polishing studies. Initial.Iy, we are looking at purely 
mechanical polishing processes with various diamond grits in a loose slurry. One of the 
difficulties in polishing the small samples is that the Ga side grows slowly and theN side 
appears to grow more rapidly. Excessive polishing of the Ga side can lead to breaking 
into the poor morphology of the N side. The crystals also grow with stepped layers. If 
the surface alignment of the crystals is not carefully maintained the resulting surface can 
be badly misoriented. Epitaxial growth at Xerox demonstrated that badly misoriented 
surfaces nucleate hexagonal structures and the morphology is poor. Since the crystals are 
still quite small, care needs to be taken when mounting the crystals onto the polishing 
fixture to ensure that they are properly aligned. 

AIMI 

a. Technical Objectives for this Period 

Grow, characterize and deliver GaN samples for consortium growth and characterization. 

b. Work Carried Out 

Out objectives for this period were to improve the surface morphology and film 
uniformity of GaN and deliver GaN samples to the consortium members for evaluation. 

The surface morphology of GaN layers has been improved as compared to previous GaN 
layers grown by HVPE. A Normarskiinterference contrast microscope image, at 255x, 
of the surface of a GaN layer grown by HVPE on (000 1) sapphire shows only slight 
texturing. The surface is smooth and specular to the eye. 
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The electrical characteristics of the GaN layers have been measured. Room temperature 
Hall effect measurements determined the layers to be n·type as grown with a background 
carrier concentration of }IS cm-3 and mobility of90 cm2N-s. 

The uniformity of the GaN on sapphire samples has not been optimized. At present, the 
variation in thickness across a 2 inch wafer, shown in figure 9, varies by approximately 
50%. We are confident that changes we are planning in the system configuration and 
growth conditions will further improve the thickness uniformity. Note that the average 
growth rate by this technique is greater than 100 ~lhr for high quality GaN. 

The uniformity of structural quality was also measured. In figure 10, the FWHM of 
double crystal x·ray rocking curves taken across a 2 inch wafer is plotted on a contour 
map. A large part of the film is very uniform, but there is as much as a 30% increase in 
FWHM as you approach the edge of the wafer. 
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Figure 10. Contour map of the FWHM of double crystal x-ray rocking curve 
across a 1 inch wafer of GaN grown on (0001) sapphire by HVPE. 
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Accompanying this report is one 2 inch wafer ofGaN (-10 IJ.m thick) on (0001) sapphire 
grown by HVPE. The surface morphology and DCXRC map for this sample is shown in 
figures 1 and 3 above. A small piece (several mm across and -20 1J.m thick) of free 
standing GaN is also being delivered at this time. Additional samples on sapphire will 
follow soon. 

c. Plans for Forthcoming Reporting Period 

A suitable baseline for GaN growth by HVPE has now been established and will be 
extended to growth of GaN on the growth template. In the next reporting period, we will 
develop a plan for the second year of this program. 
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Milestone 16, Milestone Complete 

• Milestone 16: First LED chip configuration and processing designed. N-and p-type 
GaN film etching. 

Several different chip configurations and LED fabrication processes have been 
investigated. The two-mask EV process is used for daily routine processing of device 
structures, and was used to fabricate the LED samples delivered to Anis in February. 
Mesa structures have been patterned in both n-and p-type GaN using RIE: then-type 
material was found to etch more slowly than p-type as shown in Fig. 11. 

Distribution authorized to U.S. Government agencies only to protect infonnation not owned by the U.S. 
Government and protected by a contractor's "limited rights" statement, or received with the understandins that it 
not be routinely transmitted outside the U.S. Government. Other requests for this document shall be referred to 
ARPA Security and Intelligence Office. 



18 

Etch Depth [Angatroems] 

0 

... 
a 

i 
i • .... 

Ul 

'i 
3" 

t ..... 

~ 

• + • • • •l 
(j)i ~ il ~ i>!l !: iil ~zc:>z 

I w. i 
:8 _.. II _.. 

Ul § ~ §! .... n 
~~ I I 

Figure 11: GaN RIE Etch Depth 

Distribution authorized to U.S. Government agencies only to protect infonnation not owned by the U.S. 
Govcmmcnt and protected by a contractor's "limited rights" statement, or received with the understandins that it 
not be routinely transmitted outside the U.S. Government. Other requests for this docwnent shall be referred to 
ARPA Secwity and Intelligence Office. 



BLUE BAND 
Blue Light and Ultra-Violet Emitters, the Bay Area Nitride Consortium 

Report for Month 12 

Contract: MDA972-95-3-0008 
DISTRIBUTION: SOL, HP, Xerox, AXT, ATM. 
Boston University, the University of Texas at Austin, 
D. Scifres, J. Endriz, R. Craig, J. Johnson, and R&D 

To: Distribution 
From: Jo S. Major 
Date: 8.14.96 

Distribution authorized to U.S. Government apncies only to protect information not owned by the U.S. 
Government and prote<:ted by a contractor's ''limited riJhts" statement, or received with the understandina 
that it not be routinely transmitted outside the U.S. Government. Other requests for this document sball be 
refeaml to ARPA Security and lntellipnc:e Office. 

Overview: 

The BlueBand program is changing focus from materials-related issues to increasingly 
device related milestones. In the first year of the program, basic materials issues such as n
and p-type doping, AIGaN and InGaN growth, native defect behavior, basic 
crystallography have been addressed. Homojunction, heterostructure and quantum well 
diodes have been constructed. At the point of writing of this report, HP has demonstrated a 
blue LED with -70% of the optical intensity of the Nichia quantum well device. 

In the coming year, the milestones, particularly of HP and SOL, become increasingly 
device driven. Upcoming milestones of this type include high-brightness LEOs, single 
mode waveguides, facet construction and the achievement of a pulsed injection laser in the 
nitrides. 

The consortium met during this quarter and decided the issue of substrate vendor 
downselect Based upon both technical and financial reasoning, the BlueBand consortium 
has decided to continue into the second year with ATMI as the continuing substrate vendor. 

Summary: Milestones 17 through 21 are completed. 

Milestone #17 

Microstructure of undoped and highly doped GaN epilayers 

The microstructure of highly doped GaN layers grown epitaxially by MOCVD at Xerox 
P ARC has been characterized using transmission electron microscopy. High pUrity GaN 
was used as reference. In all cases, a columnar structure is evident, with column 
diameters between 0.2 and 1.0 mm. The characteristics of the columnar structure are 
reflected in the x-ray diffraction rocking curves (XRRC). A distribution of tilt of the c-axis 
of -5 arcmin and a distribution in the rotation of the c-axis of -8 arcmin is characteristic of 
some high quality materials. The addition of silicon for medium level carrier concentrations 



(mid 1017cm·3) does not seem to affect the columnar structure. Higher canier concentration 
(about 1019 cm"3

) produces significant changes in the XRRCs and in the measured lattice 
parameter (cf work by Brent Krusor on HP samples). Similarly, the addition of 
magnesium does not affect significantly the microstructure for low/medium doping levels. 
Energy dispersive x-ray analysis supports the ~oncept of Mg3N2 precipitates for Mg 
concentrations above 1019 em·'. The nature of dislocations does not appear to change 
noticeably when crossing a p-n junction between highly doped materials. This has been 
observed in Nichia LEDs as well as in a number of other samples. A few differences are 
observed with the use of other complementary techniques. 

(a) Undoped GaN: The columnar structure of high purity marerial is easily observed with 
cathodoluminescence (CL). The near bandedge emission appears to be associated with the 
center of the column, and the yellow-region with dislocated regions [ 1]. Dislocations have 
burgers vectors of a. a+c and c [2]. Nanotubes and inversion domains have been 
identified in certain regions of the sample. Most of the nanopipes are associated with screw 
dislocations with a burgers vector of c [3]. One issue which is very stimulating is that the 
lattice of GaN/sapphire seems to be fully relaxed from the thennal stresses expected from 
this system. Lattice parameter measurements indicate that for device quality materials then: 
is very little difference between bulk and heteroepitaxial lattice parameters. We have 
proposed a model for the relaxation of the thennal stresses based on the dislocation 
geometry [4]. 

(b) Highly Si- and Mg-doped films: The CL is unifonn spatially for high-luminescence 
wavelengths. The disappearance of the columnar structure (in the CL images, but not in 
the TEM images) is intriguing. We have found that Raman scattering can be used to image 
the spatial variation of donors in the material, and images of donor distribution in 
hexagonal hillocks have been obtained [ 5]. As grown Mg-doped films give a particular 
Raman signal at S 19 em·• which vanished after the thennal anneals used for acceptor 
activation [6]. We are in the process of establishing the connection between CL, Raman, 
and the microstructure. We need to be able to quantify the strain associated with 
dislocations. We suspect that dislocations getter some of the dopants and as a result of 
dopant reaction with the core the dislocation strain is relaxed. 
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Milestone # 18 

Heterojunctlon arowtb for fundamental bandoffset studies. 

UT Austin has successfully grown InGaN/GaN and AlGaN/GaN heterojunctions and 
samples are being studied using low-temperature PL and will be supplied to the 
Consortium members for further study. 

Milestone #19 

Fabrication of pin AJGaN/GaN beterojunctlon. Turn-on voltaae aoal 
speciftcatlon Is less than 4.4 V. 

An Alo..G&o.nNIGaN heterojunction was grown which showed diode behavior similar to 
the GaN/GaN homojunctions that we have produced. I-V and L-1 curves for both junction 
types are shown in Figures 1 and 2. Light output for the heterojunction device is one-third 
that of the homojunction device. V characteristics are nearly identical, with a 20 mA Vf of 
7.6 to 7.7 volts. Peak wavelength is 471 nm for the A10.01G&o.nNIGaN device and 465.4 
nm for the GaN/GaN device. The forward voltage is greatly improved to a value of 4.4 
volts by increasing the Mg concentration m the p-GaN layer, facilitating ohmic contact 
formation. UT Austin has recently achieved p-type doping and has now demonstrated a 
working p-n GaN homojunction. This LED is now under characterization. 



Electrical characterization of p·n homojunctlons 

The ability to dope GaN n- and p-type by employing Si as a donor and Mg as an acceptor 
leads to the fabrication of p-n• junction devices. The diodes were grown on sapphire 
substrates and the p and n• layen were -5 J.Lin and 0.56 J.Lin thick, respectively. The 
accepton were activated with a standard postgrowth furnace anneal. Reactive ion etching 
was employed to fabricate mesa structures with a diameter of 0.5 mm. Ohmic metal 
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contacts were deposited on the n• and p-layers. The perfonnance of the diodes was tested 
with current-voltage (1-V) and capacitance-voltage (C-V) measurements. Results are shown 
below. 



The analysis of the C-V data reveals an effective acceptor concentration (NA-ND) of 
-2><1018 cm-3 uniformly distributed over the depth of the capacitance measurement. In the 
case of acceptors in Mg-doped GaN the C-V measurement determines the acceptor 
concentration (minus the concentration of donors) rather than the hole concentration. The I
V characteristic of a representative diode is shown in the inset (above). The leakage current 
at a reverse bias of -4 V is -2.1 J.LA. 

The diodes were utilized in deep level transient spectroscopy (DL TS) measurements to 
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investigate deep level defects in p-type GaN for the first time. The diodes were well suited 
for these measurements which use a 1 MHz test-signal to measure the differential 
capacitance. The analysis of the DLTS data yielded deep levels with activation energies for 
hole emission to the valance band of (0.21 ± 0.03) eV (ET(DLPl)), (0.30 ± 0.11) eV 
(ET(DLP2)), and (0.45 ± 0.10) eV (ET(DLP3)). The concentrations of the deep levels 
(NT) were found to be (3.9 ± 2.3)x1014 cm-3 (NT(DLP1)), (S.O ± 2.0)x1014 cm-3 
(NT(DLP2)), and (8.6 ± 1.4)x1014 cm-3 (NT(DLP3)). 

The identification of deep levels in GaN and the ability to control their concentrations are 
important issues for the fabrication of light emitters with m-V nitrides since deep 1evd 



defects may act as efficient recombination centers and influence the efficiency of LEDs or 
the threshold power for injection lasers. 

Publications submitted: 

1 A donor-like deep level defect in Al,mGao.uN characterized by capacitance transient 
spectroscopies 

W, GOtz, N.M. Johnson, M.D. Bremser, .and R.F. Davis, Appl. Phys. Lett. (1996) 

2 Activation of acceptors in Mg-doped, p-type GaN 

W. 06tz, N.M. Johnson, J. Wallcer, D.P. Bour 

Sympo~ium E of the 1996 Spring Meeting of the Materials Research Society, April 8-
12, 

1996, San Francisco, CA 

Publications appeared: 

1 . Activation Energies of Si Donors in GaN 

W, GOtz, N.M. Johnson, C. Chen, H. Liu, C. Kuo, and W. Imler, Appl. Phys. 
Lett. 68, 3144 (1996) 

2 Deep level defects in Mg-doped, p-type GaN grown by meta/organic cMmical vapor 
deposition 

W, GOtz, N.M. Johnson, and D.P. Bour, Appl. Phys. Lett. 68, 3470 (1996) 

Milestone #20 

Substrates: Evaluate SiC vs. Al10 3, :MBE growth of GaN films on M-plane 
sapphire, proaram plans for AXT and A TMI. 

All companies within the consortium have grown on SiC, along with the more common C
plane sapphire. At present the consortium members are not planning to put significant 
emphasis on SiC, due primarily to the high cost of SiC substrates. Growth on micropipe
free SiC is more forgiving to process variations, however, no significant perfonnance 
advantage in terms of mobility, diode performance, etc., bas been found. 

GaN films were grown by the MBE method on theM-plane (1010) of sapphire, with or 
without a low temperature buffer. The structure and the opto-electronic properties of these 
films are summarized as follows. 

A. Film• arown without a low temperature bgffer. 



The only cleaning procedure of the substrates was heating in molecular hydrogen to 700°C. 
Films approximately I~ thick were grown at this temperature and doped with the Si~ell 
at 1375°C. 

•SEM examination reveals relatively smooth sudace morphology but with micropores 

about 1 oooA in diameter. 

•XRP examination reveals two reflections, a strong one with Miller indices (1122) and a 

weaker one with Miller indices ( 101 0). 

• Hall effect measurements show that the material is heavily doped with carrier 

concentration 3-4 x 1011 cm·3
• electron mobility ~m2 N-sec and resistivity 3 xl0"2 

ohm~m. 

• Pbotolumipesc;nce measurements with a 1 OmW He-Cd laser show a strong 

luminescence across the gap (365nm) with no observable yeJlow luminescence. 

B. Films arown with a low temperature bu(fer. 

In this series of films the substrate was first nitridated at 750°C, then cooled to 500°C for 
the growth of a 250A thick GaN buffer and heated to 750°C for the growth of about 1J.UD. 
thick film. The temperature of the Si-cell was at 1350°C. 

• SEM examination reveals very smooth surface morphology. 

• XRD examination reveals again two reflections with indices (1122) and (1010) as in the 
previous case. 

• Conductivity measurements show that the material has a resistivity 130 ohms, which is 
4.3 x 1 Ql times larger than the resistivity of the samples grown without a buffer. 

• Pbotoluminescence measurements show a sharp photoluminescence peak at room 
temperature (FWHM = 79meV) occurring at 365nm. The intensity is one order of 
magnitude weaker than in the previous sample. These samples do not show yellow 
luminescence as well. 

Conclusions: 

The main conclusions from this study can be summarized as follows: 

1. The low temperature buffer promotes two dimensional growth leading to smoother 
surface morphologies. This result is similar to growth on the c-plane. 



2. The investigated conditions lead to the growth of (1122) and (1010) planes. However, 
these planes are not well matched to theM-plane sapphire. The plane we want is the 
(1013), in which the mismatch with the sapphire (1010) lattice in he two perpendicular 
axes is the minimum. (The mismatch is 2.69& in GaN [ 121 0]/sapphire [000 1] direction 
and 1.9% in GaN [3031]/sapphire [2110] direction). Further work is required to 
identify conditions for the epitaxial growth of the (1013) plane. 

3. The films without a low temperature buffer dope far more efficiently with silicon than 
the films with the buffer. The evidence suggests that the films with the buffer are more 
strained and this probably affects the incorporation of silic~n in the sites. 

4. The photoluminescence intensity is reduced as the carrier concentration is reduced. 
However, no yellow luminescence is observed even at low doping levels. This is 
generally opposite to GaN on the c-plane which shows yellow luminescence at low 
doping levels. 

AXT and HPRC have made dramatic progress in crystal growth. The most recent crystals 
are nearly 1 em in scale ( -8 mm by - 8 mm). They are quite clear and have smooth 
surfaces. Since the beginning of the program, the crystal area has been scaled up by a 
factor of two every three to four months. At the current rate of development, the crystals 
will reach 2-2.5 em diameter in approximately 12 months. MBE epitaxial growtb at the 
University ofUlm shows the narrowest exciton lines for any GaN material. The FWHM 
of the lines is on the order of 0.5 meV. In addition, exciton lifetime studies at HPRC show 
that the lifetime of the GaN on GaN epitaxy is an order of magnitude greater than that of 
GaN on sapphire. This is a clear indication of the superior quality of the GaN on GaN 
epitaxial films. 

A reactor design was carried out for the growth of 2-2.5 em scale crystals. This design 
shows that the reactor for manufacturing conunercializable substrates comparable to that 
for other crystal growth systems. The estimated cost, if built in Poland, is competitive with 
other technologies. 

The polishing tests resulted in about a 6 A RMS surface finish. This is still not as good as 
shown by XEROX and further refmement of the technique is required. 
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Future Plans 

AXT participated in the downselect meeting hosted by HP on 13 June 1996. The Blue 
Band Consortium decided against continuing. support of bulk aystal development Given 
the high quality of the epitaxy which has been demonstrated by the Blue Band and others 
on GaN substrates, AXT expects that a true UV or blue laser will be demonstrated 
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The low temperature PL of a GaN film, P'OWD by MBE, oa a GaN su.bstrate. 

successfully on the GaN substrates. 

ATMI: 

During this work period, we have further improved the unifonnity and quality of GaN 
grown on sapphire by HVPB. In addition, we directly addressed the components needed to 
make free-standing GaN, namely: 

• Improved the quality of GaN on the template substrate by HVPE 

• Recon.figul1:d the HVPE reactor to allow for backside template etching 

• Demonstra1'Cd Si template etching at large etch rates 

Several samples have been delivered to the Consortium for epi-layer growth and 
characterization: 

• 3- 2" wafers of GaN grown on Sapphire 

• A small piece of free-standing GaN 



• GaN grown on the template substrate 

Plans for Second Year: 

We have demonstrated all the components needed to make GaN substrates by the method 
which we proposed in this program. These will be combined to remove the silicon template 
from crack-free GaN on silicon to produce free-standing GaN substrates. In addition, there 
is potential for other removable template materials which could act as a substrate for GaN 
growth. Among the candidates which are of interest are: 

• Lithium Gallium Oxide (LGO) 

• Lithium Aluminum Oxide (LAO) 

• Zinc Oxide 

Finally ATMI has worked at predicting the wafer cost for a 2" GaN wafer grown via 
HVPE. The cost curve is $1500 @ 100 wafers/month (w/m), $400 @ 1000 w/m. and 
$250 @ 10000 w/m . 

. Milestone #21 

GaN LED Demonstration 

Materials and modeUng parameters that critically influence LED operation 

Numerical device simulations can greatly aid the optimization of LED (as well as laser 
diode) structures. The ability to perform such simulations is CUITently hampered by 
incomplete knowledge of a number of basic materials parameters in the nitrides. We have 
surveyed the literature to obtain state-of-the-art values for the key parameters, and identify 
areas where first-principles calculations can provide new or more accurate information. 
Here we focus on parameters describing the band structure of the component materials. 

For ternary alloys, linear interpolation between the values for the constituent binary 
compounds often provides adequate parameter values. However, some parameters exhibit 
nonlinear behavior as a function of alloy composition. The prime example is the bowing of 
the band gap. Our fJtSt-principles calculations have produced values of b=0.5 for AlOaN 
and b=l.O for InGaN; these results are very close to those obtained by A. F. Wright and J. 
S. Nelson [Appl. Phys. Lett. 66, 3051 (1995)]. It is expected that refractive indices will 
also exhibit a nonlinear dependence on composition. 

The band structure of the component materials is not only a function of alloy composition, 
but also of strain induced by lattice mismatch. The effect of strain on the band structure can 
be described in terms of deformation potentials. We have calculared the following values 
(in eV, Pilcus-Bir notation): 



AlN GaN InN 

a (hydrostatic) -9.1 -8.0 -5.0 

b (1 00 strain) -1.5 -1.7 -1.2 

d (111 strain) -4.5 -4.2 -3.0 

Finally, we point out that heterojunction band offsets may be the most crucial parameters 
determining optoelectronic device behavior. Measured values of band offsets in the nitride 
system exhibit a great deal of scatter right now, which is at least in part due to improper 
inclusion of the effects of strain. First-principles calculations of the band lineups, 
including strain effects, are in progress. 

Published: 

'"Defects, impurities and doping levels in wide-band-gap semiconductors", C. G. Van de 
Walle and J. Neugebauer, Braz. J. Phys. l5, 163 (1996). 

"Native defects and impurities in GaN", J. Neugebauer and C. G. Van de Walle, 
FestkOrperproblemel Advances in Solid State Physics 35, 163 ( 1996). 

AcceP1M for publication: 

"Gallium vacancies and the yellow luminescence in GaN'', J. Neugebauer and C. G. Van 
de Walle (Applied Physics Letters, July 22 1996). 

Submitted: 

"Role of hydrogen and hydrogen complexes in doping of GaN'', J. Neugebauer and C. G. 
Van de Walle, MRS Symposia Proceedings Vol. 423 (MRS, Pittsburgh, PA). 
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Overview: 

Device-related work is now the focus of BlueBand. Topics discussed within this report 
include the fabrication of facets, wire-bonding to LED chips, and the scaling of the ATMI 's 
growth machinery to accommodate 2" wafers. . 
Materials studies include TEM characterization of heterostructures, modeling of 
bandstructure offsets, and a DLTS study of defect states. 
Upcoming milestones include high-brightness LEDs, single mode waveguides, and the 
achievement of a pulsed injection laser in the nitrides. 
The consortium presented results in Florida for the semi-annual DARPA review. 

Summary: Milestones 22 through 26 are completed. 

Milestone #22 

Structural characterization of AlGaN/GaN heterojunctions. lnGaN fllm growth 
demonstrated. InGaN/GaN structures delivered to Xerox for study. Theoretically 
investigate the band offsets of the AlGalnN material system. 

Structural Characterization of AIGaN/GaN Heterojunctlons 

AlGaN/GaN heterojunctions are used for cladding layers in light emitting diodes and in 
diode lasers. Unlike the arsenides, the materials parameters of these nitrides vary 
significantly with the group m composition. In the extreme case of AlN/GaN, the lattice 
mismatch of 2.4% requires a critical thickness for plastic relaxation of about 3 to lOom 
(depending of the model used); and the thermal expansion difference is equivalent to up to 
0.15% of lattice mismatch when cooling from the growth temperature. It is important to 
understand the mechanism of relaxation of the stress associated with the lattice mismatch in 
this system. We have perfonned microscopy on samples containing heterojunctions with 
various A1 contents. We have successfully imaged misfit dislocations at interfaces 
containing Al-Ga variations ~50%. Fig. 1 shows a misfit dislocation at the 
AlNIA10.5Gao.sN interface corresponding to a lattice mismatch of 1.19%. An extra atomic 
plane on the top half of the sample compensates for the difference in lattice spacings of the 
two materials. These misfit dislocations have a Burgers vector of magnitude 11 JLlllUj 
corresponding to displacements on the basal plane. The separation of misfit dislocations is 
about 23nm. 



AlGaN/GaN heterojunctions are used for cladding layers in light emitting diodes and in 
diode lasers. Unlike the arsenides, the materials parameters of these nitrides ·vary 
significantly with the group III composition. In the extreme case of AlN/GaN, the lattice 
mismatch of 2.4% requires a critical thickness for plastic relaxation of about 3 to IOnm 
(depending of the model used); and the thermal expansion difference is equivalent to up to 
0.15% of lattice mismatch when cooling from the growth temperature. It is important to 
understand the mechanism of relaxation of the stress associated with the lattice mismatch in 
this system. We have performed microscopy on samples containing heterojunctions with 
various AI contents. We have successfully imaged misfit dislocations at interfaces 
containing Al-Ga variations ~50%. Fig. 1 shows a misfit dislocation at the 
AIN/AI 0 5G3o 5N interface corresponding to a lattice mismatch of 1.19%. An extra atomic 
plane on the top half of the sample compensates for the difference in lattice spacings of the 
two materials. These misfit dislocations have a Burgers vector of magnitude 11 JL1:l1UJ 
corresponding to displacements on the basal plane. The separation of misfit dislocations is 
about 23nm. 

For lower compositional variations, the expected dislocation separation rapidly increases, 
exceeding O.lmm for 10%, and 0.4 mm for 1%. In addition, the critical thickness for 
plastic relaxation (introduction of misfit dislocations) also increases rapidly, greater than 
20nm and 0.2 mm for 50% and· 10% variation of AI content, respectively. These 
separations are comparable to those observed in the dislocation network resulting from the 
columnar structure of these materials, with lateral dimensions ranging from 0.2 mm to 0.5 
mm. Using the model of a low-angle tilt domain structure, and the critical thickness model 
of People and Bean, it is believed that for compositional variations of less than 50%, the 
critical thickness and the misfit dislocation separation will exceed the average lateral 
dimensions of the columns, lattice mismatch strain will not be relieved inside the columns, 
and the long range strains will be relieved at the domain boundaries. 

TEM observations of cladding layers with AI compositions of . the order of 10% are 
consistent with these considerations: such interfaces do not exhibit dislocations nor 
stacking faults. This seems to be one of the beneficial features of the columnar natUre of 
the m-v nitride thin films. 

Fig. 1. Lattice image of a AIN/ A1o.5Gao.5N 
interface showing misfit dislocation on the 
basal plane with Burgers vector 1/ 3[ 1 !1 0] . 
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Publications submitted: 
[ 1] Direct imaging of impurity-induced Raman scattering in GaN 

F. A. Ponce, J. W. Steeds, C. Dyer, and D. Pitt, Appl. Phys. Lett. (in press). 
[2] Observation ofnanopipes and inversion domains in high quality GaN epitaxial layers 

F. A. Ponce, D. Chems, W. Young, and J. W. Steeds, and S. Nakamura, submitted 
to Appl. Phys. Lett. ( 1996). 

[3] Observation of careless dislocations in GaN 
D. Chems, W. T. Young, J. W. Steeds, F. A. Ponce, and S. Nakamura, Journal of 
Crystal Growth ( 1996) · 

[4] Determination of the atomic structure of inversion domain boundaries in GaN by 
transmission electron microscopy 
D. Chems, W. T. Young, M. Saunders, F. A. Ponce, and S. Nakamura, 
Philosophical Magazine (1996). 

[5] Microstructure of Epitaxial III-V Nitride Thin Films 
F. A. Ponce, Chapter 6, in "GaN and Related Materials, S. Pearton, Ed. (1996) in 
press. 

Publications appeared: 
[ l] Determination of lattice polarity for growth of GaN bulk singk crystals and epitaxial 

layers 
F. A. Ponce, D.P. Bour, W. T. Young, M. Saunders, and J. W. Steeds, Appl. 
Phys. Lett. 69 (3}, 337-339 (1996) 

[2] Characterization of dislocations in GaN by transmission electron diffraction and 
microscopy techniques 
F. A. Ponce, D. Chems, W. Young, and J. W. Steeds, Appl. Phys. Lett. 69 (6), 
770-772 (1996). 

[3] Transmission electron microscopy of the AlN-SiC interface 
F. A. Ponce, M.A. O'Keefe, E. C. Nelson, Phil. Mag. A 74 (3) 777-789 (1996). 

InGaN film growth demonstrated. InGaN/GaN structures delivered to 
Xerox for study. 

Numerous loGaN quantum well structures have been grown and characterized. The In 
composition in the wells has been varied to produce emission wavelengths from 420 to 540 
nm using the test structure illustrated in Fig. 2 

.Si (3.5 J.l.m) 

Fig. 2. InGaN quantum well test structure for In incorporation studies. 
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Fig. 3. Effect of growth rate on In incorporation. 
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Fig. 4. Effect of growth temperature on In incorporation. 
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The effect of varying the growth rate while keeping the growth temperature constant is 
shown in Fig. 3. Fig. 4 shows the effect of varying the growth temperature while keeping 
the growth rate constant. These results demonstrate the means of improving indillm 
incorporation by reducing the desorption of indium species from the growth surface, which 
is the key for growth of high-indium-containing InGaN material. 

One design of InGaN/AlGaN lasers is based on the use of multiple InGaN quantum well 
structures. Such structures were grown to characterize crystalline and optical quality of 
InGaN quantum wells. High-resolution X-ray Bragg scan of InGaN/GaN multiple 
quantum well structure (MQW) is shown in Fig.S. The appearance of clearly visible 
satellite peaks around the principal diffraction peak of the MQW substantiates the excellent 
crystalline quality of the structure. The angular distance between the main (Oth order) and 
satellite ( + 1 or -1 order) peaks gives the period of the MQW as 50 nm. 

cps 

1 GaNbuffer 

34 34.2 34.4 34.6 34.8 
29 (deg) 

Fig.5. XRD Bragg scan of 10 period InGaN/GaN MQW structure 

Samples of quantum well structures with GalnN wells have been delivered to Xerox for 
further characterization. Temperature dependent Hall measurements and low temperature 
photoluminescence have been performed, and results are being evaluated. 

Theoretically investigate the band offsets of the AIGalnN system 
Knowledge of the band discontinuities between AIN, GaN, and InN (and their alloys) is 
essential for designing optoelectronic devices. Experimental numbers for the offsets 
currently display wide scatter; these variations are at least in part attributable to the role 
played by strain at the heterojunction between these strongly-mismatched materials. We 
have performed first-principles density-functional-pseudopotential calculations to determine 
the band offsets, with particular attention to the role of strain. This approach has 
previously been successfully applied to a wide variety of semiconductor heterojunctions. 
To avoid complications associated with polar interfaces, we have first addressed the offsets 
for the nonpolar zincblende interfaces; however, we have strong reasons to believe that the 
results for other interface orientations and for the wurtzite structure will not differ by more 
than a few 0.1 eV. 
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Because of the importance of strain, it is most convenient to express the band lineups in 
terms of a hypothetical unstrained offset, and then use deformation potentials to describe 
the effects of strain. Absolute deformation potentials av describing changes in valence-band 
positions under hydrostatic strain are listed in the Table 22.1. Combined with the 
deformation potentials appropriate for uniaxial strains (reported in Milestone #21) these 
parameters allow determination of the valence-band offset for any strain situation. 

I Table 1: Absolute deformation potentials I 

The crucial values then are the unstrained valence-band 

0.75eV 

A1N GaN 

Fig. 6. Unstrained valence-band 
offset between GaN and AIN. 

offsets, illustrated in Fig. 22.1. For AlN/GaN,· we find an offset of 0.1S eV, in good 
agreement with previous theoretical work, and with some of the experimental 
determinations. Calculations for GaN/InN are in progress. In all cases we find that proper 
inclusion of atomic relaxation near the interface is essential. 

Published: 

"Hydrogen diffusion and complex formation in GaN", J. Neugebauer, W. Goetz, and C. 
G. Van de Walle, in Proceedings of the ff11 International Conference on SiC and Related 
Materials, Kyoto, 1995, edited by S. Nakashima, H. Matsunami, S. Yoshida, and H. 
Harima, Inst. Phys. Conf. Ser. No 142 (lOP Publishing, Bristol, 1996), p. 1035. 

"Gallium vacancies and the yellow luminescence in GaN", J. Neugebauer and C. G. Van 
de Walle, Appl. Phys. Lett., 69, 503 (1996). 

Accepted for publication: 

"Role of defects and impurities in doping of GaN", J. Neugebauer and C. G. Van de 
W aile, in Proceedings of the 23nl International Conference on the Physics of 
Semiconductors, Berlin, 1996, edited by M. Scheffler and R. Zimmermann (World 
Scientific Publishing Co Pte Ltd., Singapore, 1996). 

Milestone #23 

Electronic characterization and PL study of defects in n-type GaN 
Defects which introduce electronic levels into the band gap of semiconductors can be 
characterized by capacitance transient techniques. For example, deep level transient 
spectroscopy (DL TS) is a sensitive spectroscopic tool to detect and characterize deep level 
defects in m-v nitrides. 
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Fig. 7. DLTS spectrum for unintentionally doped, n-type GaN grown by MOCVD. 
The DLTS signal is shown for two different emission rates e0 vs. sample 
temperature. Two peaks - labeled DLN1 and DLN - reveal the presence of two 
deep levels within the sensitivity range of our DL T~ measurements. The peaks are 
labeled with the corresponding thennal activation energy for electron emission (8£) 
and the concentration of the deep level (N). 

We have investigated n-type (undoped and Si-doped) GaN with DLTS using Schottky 
diodes. A typical DLTS spectrum is displayed in Fig. 1 for two different instrument
determined emission rates e0• In a DLTS spectrum. the DLTS signal is shown as a function 
of the sample temperature and each peak in the spectrum is related to a discrete deep level. 
The spectrum shown in Fig. 1 reveals two discrete deep levels located in the upper half of 
the GaN band gap. They are labeled DLN1 and DLN2• Parameters for DLN1 and DLN2 are 
depicted in the figure. 

To date, the chemical or structural nature of the deep levels DLN1 and DLN2 are unknown. 
However, they seem to be present in all n-type GaN samples we have investigated with 
DLTS. Furthennore, DLN and DLN2 were also detected in n-type GaN grown by hydride 
vapor phase epitaxy (HVPh). Since both growth techniques use different group ffi 
precursors but the same group V precursor (NH3) common impurities in NH3 or native 
defects may be responsible for DLN 1 and DLN2• 

In ~eneral, deep levels are present in MOCVD grown GaN in concentrations below 1015 

em· . Therefore, deep levels cannot play a significant role as compensation for shallow 
donors or acceptors. Further studies are underway, to reveal the chemical nature of the 
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common deep levels and to determine their significance as recombination centers in active 
regions of light emitting diodes. 
Publications submitted: 

1. Characterization of the electrical properties ofGaN Grown by Hydride Vapor Phase 
Epitaxy, W. Jets, L.T. Roman, N.M. Johnson, and R.J. Molar, Proceedings of 
the ICPS-96, Berlin, Germany ( 1996) 

2. Local Vibrational Modes of the Mg-H Acceptor Complex in GaN, W. Gotz, N.M. 
Johnson, M.D. McCluskey, and E.E. Haller, Appl. Phys. Lett. (1996) 

Publications appeared: 

1 Electronic and Structural Properties of GaN Grown by Hydrid Vapor Phase 
Epitaxy , W. Gotz, L.T. Romano, B.S. Krusor, N.M. Johnson, and R. J. Molnar, 
Appl. Phys. Lett. 69 (2), 242 (1996) 

2 Shallow Dopants and the Rok of Hydrogen in Epitaxial lAyers of Gallium Nitride 
(GaN), W. G6tz, N.M. Johnson, D.P. Bour, C. Chen, H. Liu, C. Kuo, and W. 
Imler, Electrochemical Society Proceedings, Vol. 96-11, 87 ( 1996) 

Milestone #24 

Scale-up of growth system to 2" substrates. Comparison of GaN devices on sapphire and 
SiC substrates. Development of n-type and p-type AlGalnN on 6H-SiC substrates. 

Scale-up of growth system to 2" substrates 
The HVPE reactor at ATMI has repeatedly demonstrated growth and etching with 2 inch 
diameter wafers, thus achieving the goals of the current reporting period. We have grown 
on both 2 inch diameter sapphire and 2 inch diameter Si wafers. We have achieved a 
steady improvement in crystallinity of the 2 inch diameter GaN/sapphire, demonstrated by a 
decrease in the FWHM of double crystal x-ray rocking curve (DCXRC) with time. This 
trend is shown in figure 8. We can now reproducibly achieve FWHM of DCXRC below 
300 arc sec across an entire 2 inch wafer of GaN/sapphire. A similar trend is seen for the 
growth of GaN on the removable Si template. A DCXRC obtained from the best GaN 
sample grown on a 2 inch diameter Si template is shown in Figure 9. These x-ray 
diffraction results indicate that the material is single crystal with a FWHM = 793 arc sec. 
The crystallinity of the HVPE GaN on the removable template is continually improving. 

We have continued to investigate the in situ backside etching of Si templates at the growth 
temperature. We have achieved Si etch rates in excess of 25 J.Lrnlmin. for a 2 inch diameter 
wafer and full removal of a 250 J.Lm thick Si wafer in less than 10 minutes. Thus, both 
growth and etching of 2 inch wafers in the ATMI reactor has been achieved 

The uniformity across a 2 inch wafer has also been improved. As an example of the 
improved uniformity, figure 10 shows the room temJ>erature photoluminescence spectra 
obtained at several points across the diameter of a 2 inch wafer of GaN on sapphire. 
Notice, that not only is the intensity and width of the 361 nm peak relatively constant 
across the wafer, but there is also a consistent lack of the 550 nm defect peak. The 
FWHM of the 361 nm peak varies from 42.6 to 44.6 A 
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Figure 8. FWHM of double crystal x-ray rocking curves obtained from 
GaN samples grown on sapphire as function of time. 
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Figure 9. Double crystal x-ray rocking curve for a GaN sample grown on 
the silicon template. 
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Figure 10. Room temperature photoluminescence spectra obtained from a 
HVPE GaN sample grown on a 2 inch sapphire wafer. The spectra were 
obtained at 10 mm intervals across the diameter of the wafer. 

Comparison of GaN devices on sapphire and SiC substrates. 
We have successfully grown InGaN/GaN and AlGaN/GaN heterojunctions on (0001) 
sapphire substrates. We have also grown, fabricated, and tested InGaN/GaN MQW 
heterostructure p-n junction LED's on sapphire substrates. The comparison of structures 
grown on SiC substrates has been initiated with the growth of similar heterostructures on 
vicinal (0001) 6H-SiC wafers. 
Development of n-type and p-type AIGaN on 6H-SIC substrates 
AlGaN alloys have been grown on 6H-SiC substrates without the employment of a buffer, 
which is the usual mode of heteroepitaxial growth of this class of materials. Alloys with AI 
concentration up to 60 percent were fabricated. Films with low AI -content were found to be 
of high structural equality, with 0002 rocking curve having FWHM of 9-Arc min. The 
films were doped n-type with silicon and p-type with magnesium. In both cases, the 
conductivity of the films for constant AI concentration was found to scale with the vapor 
pressure of the two elements. The conductivity of both the undoped and the Si-doped 
AlGaN alloys decreases with At-concentration. Specifically, the conductivity of the Si
doped films decreases from 3xl02 to 4xl0'4 by varying the AI concentration from zero 
percent to 60 percent. The evidence suggests that Si becomes a deeper donor as the AI 
concentration increases. In AIGaN alloys, photoluminescence occurs across the gap. For 
comparison similar studies were conducted on AlGaN alloys grown on (0001) sapphire 
substrates. 

One of the advantages of 6H-SiC as a potential substrate for lli-V nitrides is that vertical 
devices can be fabricated with the SiC as an active part. However, this requires that one 
should be able to deposit the ill-V nitrides directly on the SiC substrate without a low 



temperature buffer, which is the usual mode of heteroepitaxial growth for these materials. 
In this report, we describe the growth and doping of AIGaN films on 6H-SiC with Al 
concentration up to 60 percent. Samples were also grown on (0001) sapphire for 
comparison. 

The various AIGaN alloys were deposited at 750°C by adjusting the beam equivalent 
pressures of AI and Ga. The films were doped n-type with Si and p-type with Mg. The 
concentration of AI in the films was determined from XRD assuming Veragd's Law. The 
structure of the films was determined by measuring the rocking curve of the (0002) peak. 
The sample with 5 percent AI (approximately lJ..Lm thick) was found to have a rocking 
curve for the (0002) peak with FWHM of 9 Arc min. The FWHM of the same peak in the 
9-29 scan was found to be about 3 arc min. and the FWHM of the (0004) peak in the 9-29 
scan was found to be about 4 arc min., Fig. 11 is indicating very little inhomogeneous 
strain. 

I (a.u.) 

SiC 

(0006) 

l.osGa.9sN 
(0002) 

17.5 20 a (degrees) 
35 

Intensity xl 0 

Al.osGa.9sN 
(0004) 

SiC 

(000.!1) 

37.5 

Figure 11. Theta-Two Theta scan of AI.9'Ga_95N grown directly on 6H-SiC. 
FWHM of (0002) peak is 3 arc min., ancl of (0004) peak 4 arc min. 

The n- and p-type doping of these alloys was evaluated by measuring the conductivity of 
the films using pressure contacts. Fig. 12 shows the conductivity of undoped AIGaN and 
Si-doped alloys. For comparison a number of Si-doped samples were grown under 
identical conditions on sapphire substrates. Upon doping the conductivity increased by 4-5 
orders of magnitude. However, the conductivity of the films decreases with the At
concentration. Our initial transport studies suggest that Si becomes a deeper donor as the Al 
concentration increases. 

A number of AIGaN alloys with fixed Al concentration and variable amount of Si or Mg 
were also grown. Fig. 13 shows the dependence of the conductivity for both the n-type and 
p-type films as a function of the vapor pressure of both the Si and Mg. The 
best 
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Figure 12: Effect of AlN mole fraction on the conductivity of undoped and Si doped 
AlxGa1.xN alloys. The doped films were grown both on 6H-SiC and A.403 
substrates for comparison and doped with the Si cell at 1375 oc 

n-type doped films have conductivity of 3x 102 (Ohm.cm)·1 and p-type films have 
conductivity 10"1 (Ohm.cm)-1
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Figure 13. The electrical conductivity of AlxGa1.xN films grown on 6H-SiC or 
sapphire (for comparison) vs. the equilibrium vapor pressure inside the Si and Mg 
effusion cells. This direct dependence between conductivity and vapor pressure 
indicates efficient incorporation of the dopants. 



Photoluminescence in some films was investigated with a He-Cd laser. The data for a 
sample with 5 percent AI, doped with silicon, is shown in Fig. 14. The main 
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Figure 14. Room temperature photoluminescence spectra of Al.0sGa.9sN film doped 
with Si at the level of about 5x 1017 cm·3

• 

luminescence peak occurs at 3,53eV which is 10 meV below the gap of the semiconductor 
(3.54eV) 

AIGaN films with AI content up to 60 percent were grown on 6H-SiC and (0001) sapphire 
substrates. The growth on 6H-SiC substrates took place without the employment of any 
kind of buffer. The films were doped n-~ with Si and p-type with Mg to maximum 
conductivity of3xl02 (Ohm'1• cm'1) and 10· (Ohm '1• cm·1

). The conductivity of then-type 
films decreases with AI concentration suggesting that Si becomes a deeper donor. The Mg 
doped films were p-type as grown without any post-growth annealing. 

Milestone #25 

Bonding to simple devices demonstrated. 
LED devices have been fabricated and diced for bonding on headers and in lamp packages. 
A typical die attached and wire bonded device under forward bias is illustrated in Fig. 16. 
Viewed from the top, the etched mesa emitting region is visible in the center and glows 
more brightly than the rest of the chip. One ball bond is in the upper left hand comer of the 
mesa; the other ball bond is off the mesa at the lower right. The entire chip glows blue, but 
there is wave guiding along the top surface of the chip which makes the edges of the chip 
brighter and appear white in the photograph. 



Fig. 15 is an SEM image of a similar chip and shows the wire bonds in more detail. This 
particular chip has some contamination on the upper smiace as a result of the epi-side
down dicing process. Recent improvements at the dicing step have eliminated such 
contamination. 

Fig. 15. SEM image of a typical wire bonded GainN LED. 

Fig. 16. GainN LED under forward bias. 
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Milestone #26 

Development of facet formation technologies, including polishing, dry 
etching and clea,·ing. 

Samples of AJGaN/GaN heterostructures grown on c-plane sapphire were sawn into bars 
of lmm width, mounted in the fixture facet up and polished on diamond polishing pad. An 
SEM image of the polished facet is shown in Fig.I7. 

Fig.17. Polished facet of GaN/ AlGaN heterostructure grown on c-plane sapphire 

It can be seen that although smooth fragments could be found, the chipping and 
delamination of the grown film predominantly occurs during mechanical facet polishing. 

Fig.17. SEM image of CAIBE etched GaN/ AlGaN heterostructure. 

Preliminary experiments with dry etching of GaN/ AlGaN heterostructures has been 
performed on a Technics Plasma GMBH chemically-assisted ion beam etching machine 
(CAIBE). As can be seen from Fig .. 18 further work is needed in order to optimize facet 
smoothness and etching angle. Both SOL and Xerox have orders with Technics for similar 
machines and expect dry-etching capability to be in place by January 1, 1997. Preliminary 
;.,..,.....,..,..,;,....,. n.f th .. 1TI<>I"hin.,.<! h<a<! h ....... <al"l"'n1Tinli.,h .. .rl 
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Facet formation by cleaving seems to give satisfactory results for GaN/AlGaN 
heterostructures grown both on c-plane and A-plane sapphire as demonstrated in Figs. 18 
and 19. 

Fig. 18. SEM micrograph showing cleaved facet of GaN/ AIGaN heterostructure on 
c-plane sapphire. 

Fig. 19. SEM micrograph showing cleaved facet ofGaN/AlGaN heterostructure on 
A-plane sapphire. 
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Overview: 
BlueBand has now concluded with a final report describing issues addressed under the 
program, key results, conclusions, and recommendations for future work. 
Technical topics discussed within this quarterly report include characterizations of the best 
cu"ent LED technology and of AlGalnN diode laser structures. 
Materials studies include analyses of ZnO and HVPE GaN substrates, electrical 
characterization of nitride heterojunctions, a structural study of pits, and calculations of the 
electronic and atomic structure of native defects and impurities. 

Summary: Milestones 38 through 43 are completed. 

Milestone #38 
Structural characterization of pits at the surface of GaN diode 
heterostructures 
Pits at the surface of homogeneous GaN layers and on InGaN/GaN diode heterostructures 
have been observed in material grown by MOCVD from several independent research 
groups. These surface defects are likely to adversely affect the electrical characteristics and 
introduce optical scattering centers in laser diodes. 

In the present study the pits were characterized by transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) in lnxGat-xN SQW and MQW LEOs and laser diode 
structures grown on sapphire. The pits are hexagonal at the surface with pyramidal 
sidewalls that extend into the QWs. The size and the density of pits depends on the well 
thickness, the number of wells, and the In composition. For x > 0.40, pits were found in 
both SQW and MQW LED structures with well thickness of 3nm. At lower In 
compositions (x- 0.20), the pits occur after the growth of - 5 QWs for the same well 
thickness. Once the pits form, they extend into the subsequently-deposited QW layers. 
Typically either AlGaN orGaN layers were deposited above the QWs. The pits were found 
to extend into these overlayers, to the surface of the device, if the first overlayer was GaN 
with a thickness < 200nm. However, we have limited results indicating that if a lOom 
AlGaN layer is grown on the QWs, followed by a 200nm layer of GaN, the pits became 
planarized and therefore do not extend to the surface. 

Figures 1 and 2 are AFM and TEM cross sectional (XTEM) images, respectively, of a 
5QW lno.4sGao.ssN/GaN optically-pumped laser device structure. In this case, the pits are 
found to extend to the surface of the device. The structure consists of a thick GaN 



underlayer, followed by SQWs with a well/barrier thickness of 3nm16nm, and GaN and 
AIGaN overlayers. The AFM image is taken from the surface of the device. The pits were 
found by AFM to range in size from 20-500 nm with a density of 108/cml. The XTEM 
image shows a pit that initiated at the bottom of the QWs. The opening of the pit at the top 
surface is 300nm. 

One possible manifestation of pitting has arisen in photopumping studies of 
heterostructures. We have performed Fourier transforms of the emission spectra from 
optically pumped GaN heterostructures which reveal subcavity reflections. These 
intracavity reflections may be due to microstructural defects within the diode and therefore 
represent optical scattering centers. 

Figure 1. AFM image showing pits at the surface of an Ino.4sGao.ssN/GaN MQW 
device. 

Figure 2. XTEM image of a pit in an ln0.45G&o.55N/GaN MQW device. 

Publications 

1. R. J. Singh, D. Doppalapudi, T. D. Moustakas, L. T. Romano, "Phase Separation 
InGaN thick films and formation of InGaN/GaN double heterostructures in the entire alloy 
composition range," Appl. Phys. Lett. 70, 1089 (1997). 

2. D. Hofstetter, L.T. Romano, R.L. Thornton, D.P. Bour, and N.M. Johnson, 
"Characterization of intra-cavity reflections by Fourier transforming spectral data of 
optically pumped InGaN laser", submitted to Appl. Phys. Lett. 
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Milestone #39 
Calculate fonnation energies of selected native defects and dopant impurities in A1N and 
InN. Electrical characterization of a doped AlGaN/GaN single heterojunction. 

Calculate formation energies of selected native defects and dopant 
impurities in AIN and InN 
Following up on our comprehensive fust-principles studies of defects and impurities in 
GaN, we have now also investigated the electronic and atomic structure of native defects 
and impurities in AlN and InN, based on pseudopotential-d.ensity-functional theory. 
Among our key results are the formation energies of native defects, since these detennine 
the abundance of the defect species. Our results for AlN are summarized in Fig. 3. We 
find that the nitrogen vacancy, VN3+, and aluminum interstitial, Ali3+, have the lowest 
formation energies in p-type material. These defects act as compensating centers. We 
anticipate that this tendency to compensate acceptors will start appearing in AlxGat-xN 
alloys and become proP.ssively worse as x increases. This type of compensation is likely 
responsible for the diminished dopins_ effie. iency of Mg in AlGaN; indeed, our calculations 
of Mg in AIN do not reveal any qualitative difference in its ionization energy or solubility 
compared to GaN. Figure 3 shows that the aluminum vacancy, V Al3-. has the lowest 
formation energy in n-type material. This defect will be responsible for compensation of 
donors. and for deep-level luminescence in AlGaN. 
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Figure 3. Fonnation energy as a function of Fenni level for all native defects, in all 
possible charge states, in AIN. E,:=O corresponds to the top of the valence band. At-rich 
conditions are chosen. 

In InN, we find that the nitrogen vacancy has the lowest formation energy in p-type 
material; in n-type material, all defect formation energies are rather high. We note that in n-



( 

type AlN as well as InN the formation energies of the nitrogen vacancies are high, 
indicating that these defects will not occur in high concentrations and cannot be responsible 
for unintentional n-type conductivity, strengthening. the conclusion we reached previously 
forGaN. 

Finally, we have carried out extensive studies of oxygen and silicon donors in AlN. We 
find that oxygen undergoes a so-called DX transition from a shallow to a deep state as the 
AI content of AIGaN is increased. Silicon does not exhibit this transition. We also find that 
the deep-center formation occurs only in the wurtzite phase, not in the zinc-blende phase. 

Publication 
1. "Hydrogen interactions with native defects in GaN'', C. G. Van de Walle, submitted to 
Physical Review B. 

Electrical characterization of a doped AIGaN/GaN single heterojunction. 

The AlGaN layer is an essential component in heterostructures fabricated from ill-V 
nitrides for both light emitting diodes (LEOs) and injection laser diodes (Lds). In LEOs, 
AIGaN is incorporated as a thin layer above the active region and serves mainly as a 
blocking layer to avoid spill-over of electrons. In LOs, AlGaN layers are uti.l.izm to form 
index wave guiding layers and are positioned both below and above the active region. In 
both of these types of diodes, the AlGaN layer must be electrically conducting, either the n
or p-type, since it is situated in the conduction path adjacent to the active (light generating) 
region of the diode. 

The quality of the AlGaN layer and its conductivity are therefore important for diode 
performance due to its essential function and proximity to the active region. For the range 
of AI compositions currently being utilized for LEOs and IDs (e.g, <15%), controlled n
type conductivity in the range of 1018 cm-3 is readily achieved with silicon donors. 
Consequently, our studies of doping of AlGaN have focused on p-type conductivity, with 
Mg acceptors. The results presented below are for an AlGaN on GaN heterostructure 
grown atHP. 

Variable temperature Hall-effect measurements were used to characterize the electrical 
properties of AlGaN layers on GaN. The heterostructure was chosen to simulate the 
structure in an LED, with the AlGaN layer is grown on GaN. The composite structure, 
shown in the inset in Fig. 4(b ), was grown by MOCVD on sapphire and consisted of a 
low-temperature buffer layer followed first by a 1 J.UI1, undoped semi-insulating GaN layer 
and then a 1.8 J.I.Dl AlGaN top layer. The AlGaN layer had an AI composition of -7% and 
was doped with Mg. The growth conditions were optimized for acceptor incorporation, and 
the Mg was activated with an RTA at 850°C. 

Results from the variable temperature Hall-effect measurements are shown in Fig. 4. The 
temperature dependence of the hole concentration in Fig. 4(a) was analyzed with a single
acceptor model which allowed for donor compensation. The fit of the model to the 
experimental data yields the acceptor concentration N A· the concentration of compensating 
donors Ncomp• and the activation energy for acceptor ionization dE A. In Fig. 4(a) the fit is 
shown as a solid line and the fitting parameters are listed. Even though the acceptor 
concentration of lxl020 cm-3 is comparable to that achieved in GaN:Mg, the room
temperature hole concentration is only 5x1016 cm-3, an order of magnitude lower than that 
in GaN, because of the larger acceptor ionization energy (207 me V vs -160 meV in GaN). 
Also shown in Fig. 4(b) is the temperature dependence of the hole mobility, with a room
temperature mobility of -3 cm2N -s. 



( ( 

Temperature (K) 
500 200 100 

p = 4.9 x 1011 cm·3 0 300 K ~~- • 3.6 cm
2 
I Vs 0 220 K 

J.l = 3.2 cm2 I Vs 0 300 K 

AIGaN:Mg (1.8 11m) 
GaN:un (1 uml 

sapphire 

dEA =207meV 
20 ·3 

NA = 1.15 x 10 em 

Ncamp • 9.1 • 1011 cm'3 

. 
-~ . .. 

L • ...... -: 

Al0.o7Gio..,N: Mg 
p=39.8Qcm 

1 I 1013 L...-1...--L...-1...--L...-~L........JI.......I...........,ji.......J 
2 4 6 8 10 

10' 
102 103 

10001T (1/K) Temperature (K) 

Figure 4. Hole concentration vs reciprocal temperature (a) and mobility vs 
temperature (b) for AIGaN:Mg (7% AI) on GaN. The symbols refer to the experimental 
data. The solid line in (a) is from a model fit with a single acceptor level of concentration 
NA and compensating donors of concentration No. The fit also yields the thermal 
activation energy for acceptor ionization ~A· 

Publications 
1. "Spectroscopic Identification of the Acceptor-hydrogen Complex in Mg-doped GaN 
Grown by MOCVD,'' W. Go~ M. D. McCluskey, N. M. Johnson, and D. B. Bour, 
Mater. Res. Soc. Symp. Proc., Vol. 468 (1997). 

2. "Characterization of DopantS and Deep Level Defects in Gallium Nitride,'' W. Gotz and 
N. M. Johnson, eds. J. Pankove and T. D. Moustakas, Academic Press, Inc. 

Milestone #40 
Deliver substrates grown in new reactor to consortium members. Development of 
AlGalnN alloys on single crystal ZnO substrates. 

Deliver substrates grown in new reactor to consortium members 
We have extended the results of the last reporting period by further increasing the 
conductivity of HVPE-grown GaN by Si-doping. We have also improved our 
understanding qf the electrical properties of HVPE GaN by further characterization and 
modeling. 

As we have previously discussed, there is a difference between Hall effect and capacitance
voltage (C-V) measurement of the electrical properties of HVPE GaN-on-sapphire. The 
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fundamental reason for this difference stems from the high interfacial charge density at the 
GaN/sapphire interface. C-V measurements at low bias are sensitive to only the top few 
microns of GaN, while Hall effect measurements average the full thickness. Thus, Hall 
effect measurements consistently measure a higher reading for electron concentration than 
the C-V technique. 

A two layer model can be used to describe these electrical properties. The full thickness of 
the undoped HVPE GaN was modeled as (1) a thin n+ layer at the interface and (2) a thick 
n- layer on top. Based on C-V and Hall measurements on varied thickness HVPE GaN 
films on sapphire, the thin layer was assumed to have a thickness (tt) of 200 nm, ntltt = 
5x1020 cm-3, and J.Lt=35 cm2N-s, while then- top layer was assumed have n2ft2 = 2x1Ql6 
cm-3 and J12,.. 300 cm2N-s. The effective electron concentration (n) and electron mobility 
(Jl) of the two layers combined are given byi: 

n = ( "ilt + "2~2) 
2 

2 l 
rldlt +~~2 

respectively. These equations ·and the assumed values for the individual layers were 
compared with the Hall-measured electron concentration and electron mobility versus GaN 
thickness shown in Figure 5. In reality, the electron concentration is more likely to vary 
gradually down to 2xl016 cm-3, and thus assumptions of an abrupt change decrease the 
accuracy of the model. Nonetheless, the two layer model appears to provide a reasonable 
estimate of the electrical behavior of the HVPE GaN grown on sapphire. 
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Figure 5. Electron concentration and electron mobility versus HVPE GaN thickness 
grown on sapphire. The two layer model predicts the general reduction in electron 
concentration and increase in mobility with increased film thickness. 

W. Gotz, et al, MRS Symp. Proc. 449 (1997) 525. 



Although the HVPE GaN was electrically conductive as grown, the conductivity was 
further increased for optoelectronic devices by doping with silane. The undoped HVPE 
GaN grown on sapphire was conductive, mainly due to the interfacial region just 
described, however, the bulk of the material is lightly doped. We have intentionally Si
doped the HVPE GaN with Sil4 over the range of 5x1016 to 8xt018 cm-3. Figure 5 
shows both C-V (when obtainable) and Hall effect measurements of the electron and donor 
concentrations as a function of Si/Ga ratio. Notice that the electron concentration continued 
to increase with Si/Ga ratio and did not saturate within the parameter space investigated. 
Electron concentrations as high as 8x1018 cm-3 were achieved. The electron mobility of all 
of the Si-doped wafers was higher than undoped HVPE GaN. At n = 8x1018 cm-3, the 
room temperature electron mobility was 160 cm2/V-s (cf. mobility of undoped HVPB GaN 
- 50-70 ci.n2N-s at a similar thickness). This enhancement in mobility can be explained as 
a gradual increase in the conductivity of the bulk layer with increased doping, which pulls 
the current path away from the low mobility interface region described above. Secondary 
ion mass spectroscopy (SIMS) was employed to examine the concentration of Si in some 
of the highly doped samples shown. Even for the highest doped sample, all of the Si is 
electrically active. The sheet resistance of these samples was also measured. Two
dimensional representations of the sheet resistance versus position on the wafer are shown 
in Figure 6 for representative 10 f.UD thick undoped and the highest Si-doped GIN-on
sapphire wafers. For a representative undoped GaN wafer (Figure 6a), the average sheet 
resistance was -29 Olsq .• while the sheet resistance was lowered by more than a factor of 
5 by Si-doping. The uniformity of the sheet resistance was also improved by Si-doping. 
Non-uniformity of sheet resistance is indicative of variations in film thickness as well as 
resistivity of the material. These measurements demonstrate the usefulness of HVPB 
GaN:Si layers for reducing the series resistance in lateral geometry LBDs and laser diodes. 

(a) (b) 
Figure 6. 2D maps of sheet resistance vs. position measured across 2" diameter 
wafers of (a) undoped (ave: 29 Wsq.) and (b) Si-doped (ave: 5.5 Wsq.) HVPE GaN
on-sapphire grown by HVPB. 

Development of AIGalnN alloys on single crystal ZnO substrates 
The advantage of ZoO as a potential substrate for the growth of m-V nitrides is that one 
can develop lattice matched heterostructure& of InGaAIN materials having composition 
which correspond to a lattice constant of 3.25A. Such heterostructures span the spectral 
region from 2.8 to 4.5 eV. Ideally, one would like to carry out the heteroepitaxial studies 
of m-V nitrides on single crystalline ZoO substrates. However, such substrates are not 
available at reasonable sizes and cost. We therefore deposited a number of GaN and 
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InGaN alloys on sputtered ZnO thin films. Such films were either produced in our 
laboratory by RF sputtering from a ZnO target in an atmosphere of Ar+<ll, or at Rome 
Laboratories using a propriatory sputtering method. These films were found to have 
(0002) XRD rocking curve with a FWHM of 450-850 Arcsec and an RMS roughness 
between 2.2 and 5.6 j.Ull. The ZnO films produced by both methods are polycrystalline 
with (000 1) preferred orientation. 

Some nitride samples were grown on the ZnO substrate without any prior treatment. 
Others were grown after the substrate was exposed to a nitrogen plasma or after the growth 
of a low temperature nitride-buffer. · 

It was observed that the ZnO substrate had a streaky RHEED pattern when it was examined 
at a temperature below 400°C. However, the RHEED pattern deteriorated as the substrate 
was heated to growth temperature of about 650°C. Specifically, the diffraction pattern 
because spotty and weak. suggesting surface degradation due to dissociation of the 
compound. Deposition of InGaN alloys on such surfaces led to films with rough surfaces 
and poor optical (photoluminescence) and transport properties. The InGaN films grown on 
nitrided ZnO layers also had poor properties. We concluded from these studies that ZnO 
needs to be encapsulated by a low temperature buffer to prevent this dissociation. Similar 
observations were also reported by other workers. ( 1) Two types of buffers were 
investigated on ZnO layers sputtered in our laboratories. Thin layers (-200 fJ.ID) of AIN or 
GaN were deposited at 40QOC prior to growth of InGaN at 650°C. Evidence from both 
RHEED patterns and SEM studies indicate that these buffer layers prevented dissociation of 
ZnO. InGaN films grown on such GaN buffer layers had fairly smooth surface and good 
optical properties. Photoluminescence spectra were similar to those obtained from InGaN 
fllms grown on sapphire. We also observed that annealing the buffer at 75f?C prior to 
growth considerably improved the quality of the epitaxial layer. The films grown with AIN 
buffer were very rough presumably due to the larger lattice mismatch between A1N and 
ZnO or due to poor crystallization of the AIN-buffer. · 

We observed that the ZnO films grown by the Rome Laboratories were stable even up to 
550°C. RHEED patterns indicated that these fib:ns had better crystalline s~ than those 
grown by our own sputtering method. On these films, we deposited AIN and GaN buffers 
at 550°C followed by GaN growth at around 775°C. The resulting fib:ns were cbaracterized 
by SEM, XRD. and Hall Effect measurements and were found to have good structural, 
electrical and photoluminescence properties. However, the epitaxial layers had spalled 
partially. SEM studies showed the cracks were initiated at the sapp~O interface in the 
case of fllms grown on GaN buffer and at the ZnO/AIN interface in the case of AlN buffer. 
We believe that the thennal mismatch stresses between the various layers lead to this kind 
of spalling. We also investigated the use of InOaN buffer at 5S0°C, followed by growth at 
temperatures of 630°C - 660°C. In situ RHEED studies indicated that the films were very 
smooth, with good epitaxial orientation. Photoluminescence studies show a similar spectra 
as are obtained generally from InGaN ftlms grown on sapphire, without a ZnO layer. SEM 
micrographs show that the growth is very columnar, with very smooth surfaces at the top. 
This is due to the non-uniform wetting of the surface by the InGaN layer at 5500C. Further 
optimization of these layers is needed to obtain good quality films.In conclusion, the 
growth of ill-V nitrides on sputtered ZnO thin fib:ns requires a low temperature m-V 
nitride buffer to prevent the decomposition of the ZnO which occurs at about 4()()0C -
500°C. This requirement makes the use of such substrates less attractive than previously 
has been suggested. 

References: . 
1) T. Shirasawa et al. Mat. Res. Soc. Proc. 449. 373 (1997) 



Milestone #41 
Characterization of best current LED technology 
The best current LED technology at Hewlett-Packard is represented by the following three 
samples, along with their peak emission wavelengths at 20 mA forward current. 

Sample Number Peak Wavelen~ 
E70312D4 468 run 
E70313A3 484 run 
E7031 OB 1 503 run 
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Figure 7. Current-voltage characteristics for HP OED GaN LEOs 
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Figure 8. An improved wafer fabrication process reduces the typical forward voltage 
on a blue HP LED to approximately 3.4 Volts at 20 rnA, with a series resistance of 280. 
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The current-voltage characteristics of these devices are shown in Figure 7. At a typical 
current rating of 20 rnA, the forward (operating) voltage ranges from 3.9 Volts for the 
short wavelength samples to 4.1 Volts for the 503 nm sample. Recently, an improved 
wafer fabrication process has been implemented which results in a substantial reduction of 
the forward voltage. Figure 8 shows a typical blue device fabricated using this new 
process, in which the forward voltage at 20 mA has been reduced to approximately 3.4 
Volts and which has a series resistance of 280. 
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Figure 9. External quantum efficiency versus forward current. Peak quantum 
efficiencies are obtained at approximately 25 rnA for all three devices. 

Figure 9 shows the external quantum efficiency of the 468, 484 and 503 nm samples as a 
function of forward current. The peale quantum efficiency for all three devices is obtained 
at a drive current of 25 rnA. At this current, the peak external quantum efficiencies are 
7.34% for the 468 nm sample, 6.55% for the 484 nm sample and 4.28% for the 503 nm 
sample. At the typical 20 rnA operation points the efficiency drops slightly to 7.31 %, 
6.50% and 4.27% respectively. 

Luminous flux as a function of forward current for the three samples is shown in Figure 
10. Peak luminous performance in lumens/amp (lumens/watt) for the three samples is 
14.65 VA (3.90 1/W) for the 468 nm sample, 26.60 VA (7.02 1/W) for the 484 nm sample 
and 40.21 VA (9.411/W) for the 503 nm sample. 

Figure 11 is a normalized plot of typical electroluminescence spectra for blue and green 
devices when operated at 50 rnA. The actual devices measured to obtain the data in this 
figure are not identical to those for the previous figures, although they are from the same 
wafers. However, we always observe a blue shift in peak EL wavelength as the drive 
current is increased, which is opposite to the shift seen for other types of LED materials 
where junction heating reduces the bandgap. In the InGaN devices, increasing the drive 
from 20 to 50 rnA typically shifts the wavelength by -5 nm at 470 nm and -15 nm at 520 
nm. The reason for the blue shift and the wavelength dependence on the shift is not 
understood at this time. 
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Figure 10. Luminous flux versus forward current for LEOs emitting between 468-
503nm. Peak luminous performance is 14.65 VA (3.90 VW) for the 468nm sample, 
26.60 VA (7.02 1IW) for the 484nm sample, and 40.21 VA (9.41 1/W) for the 503nm 
sample. 
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Figure 11. Typical electroluminescence spectra for blue and green LEOs at 50 rnA. 
Increasing the drive from 20 to 50 rnA typically shifts the wavelength by -5 nm at 470 
nm and -15 nm at 520 nm. 
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Milestone #42 
Demonstration of AlGalnN ridge waveguide pin junction under cw electrical excitation. 
The goal specification is cw laser action with an emission wavelength in the blue or near
ultraviolet portion of the electromagnetic spectrum. Characterization of AlGaN/InGaN QW 
diode laser structure. 

Demonstration of AIGalnN ridge waveguide p/n junction under c w 
electrical excitation. The goal specification is cw laser action with an 
emission wavelength in the blue or near-ultraviolet portion of the 
electromagnetic spectrum. 

Multiquantum well separate confmement heterostructures similar to those previously 
employed in pulsed experiments were processed to examine emission under cw electrical 
excitation. The MOCVD-grown structures employed Si doped GaN buffer layers typically 
31J.II1 thick, grown on c-plane sapphire substrates. Lower and upper clads were 0.4fJ.IIl Si
and Mg-doped Gao.94Alo.Q6N layers, respectively, while waveguides were typically 0.1~ 
thick GaN, also Si- or Mg-doped. Doping densities were in all cases approximately 1018 
cm-3. Active layers consisted of five undoped, 4nm lnGaN quantum wells separated by 
7nm, Si-doped GaN barriers. Structures were terminated with 0.05J.1m GaN:Mg contact 
layers. 

As illustrated in Fig. 12, ridges 0.4J.1m high and 5J.1m wide were formed by chemically 
assisted ion beam etching (CAIBE) employing a photoresist mask. Facets and grooves to 
access n-type layers were likewise formed by CAIBE. TiiPt/Au and Ni/Au metaJlizations 
were employed for n- and p-type contacts, respectively. Individual diodes were made by 
scribing the back sides of thinned and polished sapphire substrates and breaking them first 
into bars along facet directions and subsequent scribing and breaking along the lines 
separating individual diodes. Widths of the bars varied between 350 and 950J.1m. 
Unbonded diodes were tested employing current probes attached to contact pads. 

Figure 12. Scanning electron micrograph of a ridge waveguide heterostructure SJlm x 
SSOJlm in area, such as that described here. Ridge facets and channels were formed by 
CAIBE. 

While pulsed injection levels as high as 50kA/cm2 have now been achieved experimentally, 
CW excitation above about 5kA/cm2 lead to appreciable device heating in the samples and 



contacting scheme examined here. An L-1 characteristic for excitation up to such densities 
is shown in Fig. 13. Emission peaked at 38Snm. No evidence of stimulated emission was 
observed, which was to be expected as the facets were angled off normal in processing, 
owing to loss of temperature control of the CAIBE sample stage during processing. 
However, it remains possible that the excitation density was also insufficient to sustain 
lasing, although this is not yet clear. Ongoing work is directed to more reproducibly 
achieving good contacts, sometimes observed to be in the 1 Q-SOJcm2 range. Problems of 
angled facets have been overcome with repair of the CAIBE. 
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Figure 13. Intensity of electro luminescence versus injection current from a ridge 
waveguide heterostructure Sf.LID x SSOJ,un in area. Heating upon cw injection above 
5kA/cm2 and/or poor facets (angled due to failure of temperature control on CAIBE 
sample stage) precluded observation of stimulated emission. 

Characterization of AIGaNJiaGaN QW diode laser structure 

_We have grown, processed, and tested AIGaN/InGaN/GaN MQW diode structures (grown 
on sapphire substrates) which have been designed to support stimulated emission under 
forward-bias conditions. The growth of AIGaN films was studied for use in cladding 
layers for these injection laser structures. For this application, our interest is in alloys 
having AI mole fractions in the range 0SxS0.2. We have grown AIGaN films throughout 
this range and have also achieved n- and p-type doping for AIGaN films. Shown below in 
Figure 14 are (0006) X-ray diffraction data for AIGaN films having different alloy 
compositions. From the 300K PL spectra and the relative lattice constant, we have 
determined the alloy composition for these films. These data have been used to grow 
AIGaN/InGaN double-heterostructure light-emitting diode structures on sapphire 
substrates. 

Using these data, we have grown AIGaN/InGaN MQW heterostructure& for X-ray and PL 
characterization. These structures consist of an InGaN/InGaN SL sandwiched between 
two AIGaN cladding layers grown on a GaN spacer layer. The X-ray data for one such 
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structure are shown below in Figure 15. From these data, we can determine the MQW 
period, average In composition, and the AlGaN composition. 
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Figure 14. X-ray diffraction data for AlGaN/GaN films grown by MOCVD. The 
corresponding alloy compositions are indicated. 
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Figure 15. X-ray diffraction scan of an five-period InGaN MQW heterostructure with 
AlGaN (x-0.098) cladding layers grown on a GaN/sapphire wafer. 

Using these undoped AlGaN/InGaN MQW structures, we have grown InAIGaN p-n 
heterojunction diodes. These structures are similar to the devices reported by Nichia. A 
schematic drawing of the energy gap variation in the device structure is shown below in 
Figure 16. 
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Figure 16. Schematic of the AlGaN/InGaN/GaN/sapphire diode structure. 

These wafers were processed at UT-Austin using a mask set developed at UT for this 
purpose. We have developed the RIB etching process using BCh as the reactive gas. 
Mesa etching has been developed for top-contact LED's and for injection laser structures. 
Ohmic contact metallization using Au-Ni for p-type contacts and Al-Si for n-type contacts 
has been developed. We have also studied the passivation of RIE-etched sudaces using 
Si~ layers deposited by plasma-enhanced CVD. For blue emission, we have fabricated 
AluaNIInGaN MQW LED's having five InGaN wells and four InGaN barriers. The /-V 
characteristics of these devices are shown below in Figure 17. The Ohmic contacts 
employed are Til AI for n-type materials and Ni-Au for p-type layers. 
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Figure 17. Electroluminescence spectrum and /-V plot (inset figure) for a 
heterostructure LED with an active region consisting of five periods of 35 A 
Ino.13G&o.s7N quantum wells and 70 A Ino.o3G&o.97N barriers, and containing 
Alo.osGao.9sN cladding layers. 
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We have obtained electroluminescence spectra from these diodes under CW and pulsed 
operation at room temperature. The devices exhibit a linear L-I characteristic for pulsed 
mode operation up to about l.SA. Above this value, heating causes the light output to 
decrease. Since these device are not actively cooled, the CW operation is strongly affected 
above currents -100 mA. We believe that further improvements to the conductivity of the 
p-type contact region and the improvement of the Ohmic contact performance will 
significantly improve the high-current perfonnance of these devices. We plant to continue 
to work on this problem. 

Milestone #43 
Final Report 
Attached. 
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1 Executive Summary 
The goal of the Blue Band program was the development of nitride materials for the 
demonstration of visible LEDs and laser diodes spanning the near ultra-violet (UV) to 
yellow regions of the spectrum. The program teamed SOL, Inc.; Hewlett Packard (HP); 
Xerox; the University of Texas at Austin; Boston University; Advanced Technology 
Materials, Inc. (ATMI); and American Xtal Technology (AXT). Significant progress was 
made in all phases and aspects of the program, and all milestones were met. 

Device highlights include the demonstration of single quantum well, blue nitride LEOs with 
over 7 m W of output power at SOmA and a maximum external quantum efficiency of 7.3% 
at 25 rnA. These values are almost twice the original program goal. Further, critical 
elements of a low cost, high volume manufacturing process for nitride LEDs were also 
developed. In lasers, stimulated emission has now been observed in numerous optically 
pumped single and multi-quantum well structures. Delays in delivery of a custom dry 
etcher precluded demonstration of a laser diode, but all key elements of such a 
demonstration are now in place. Specifically, materials properties equal or exceed those of 
all competing efforts in all regards critical to demonstration of a laser diode, contacts 
displaying excellent adhesion and low resistivities have been developed, and a dry etching 
process yielding exceptionally controllable and smooth facets has now been demonstrated. 
Based on these results, realization of a high quality diode laser appears close. 

Much of the Blue Band program was dedicated to developing underlying AlGalnN 
materials and analyzing intrinsic and extrinsic properties critical to device design, 
performance, and degradation. Significant strides were made in the MOCVD and MBE 
growth of nitride epilayers and in the development of alternate substrates, particularly 
HVPE-grown GaN. Record results include electroluminescence of exceptional spectral 
purity (e.g. 16om for 450nm emission, 30nm for 500nm) in single quantum wells with 
quantum efficiencies of >2%. P-type doping in the 1018's cm-3 was routinely achieved, 
with crisp device tum-on voltages of 3-3.2V and differential contact resistivities 
appreciably lower than 1~ Wcm2. 

The program contributed greatly to understanding of underlying structural, optical, and 
electronic characteristics of (Al,Ga,ln)N alloys and heterostructures, which is likely to be 
critical to the continued development of competitive electronic and optoelectronic devices 
based on these materials. Considerable strides were made in elucidating both the energetics 
and microscopic mechanisms of doping, compensation, and formation of deep levels. 
Electronic properties such as band offsets and effects of strain were calculated. The classes 
and natures of structural defects were studied in detail, as were the intrinsic and extrinsic 
optical signatures of the materials. As degradation of even the best nitride-based laser 
diodes has been found to be intimately linked to microstructure, these studies are of 
particular practical importance. Each body of work has already guided both design of 
devices and development of improved growth processes. 

The Blue Band program yielded significant technological and scientific advances, and has 
provided a sound foundation for future work. It is our belief that the progress underscores 
the merits of further pursuing several directions. Foremost amongst these are continued 
development of alternate substrates, particularly HVPE-grown GaN; refinements to 
epitaxial growth processes, aided by modeling where practical; further characterization of 

3 



( 

the intrinsic and extrinsic nitride properties now known to influence device performance 
and degradation; refmement of processing techniques, particularly in the area of dry 
etching; and concerted efforts to develop surface emitting lasers and to improve the design 
and performance of edge emitters. 

2 Key Issues 
Key Blue Band goals were demonstration of efficient LEOs and optically and electrically 
pumped lasers. However, while devices were the primary goals, development of high 
quality GaN-based materials was the technical emphasis. The program addressed the 
crystal growth of GaN and related films by MOCVD; the fabrication and utility of candidate 
substrate materials; growth processes appropriate to achieving high quality buffer layers; 
materials characterization to determine crystallographic, electronic, and optical properties of 
GaN alloys; and calculations of underlying electronic properties. 

Blue Band targeted the following specific issues gennane to the demonstration of 
commercially viable, GaN-based visible emitters: 

Growth of GaN-based materials. Realization of high performance emitters 
demands growth procedures yielding quantum-well heterostructure& of high optical 
quality as well as low-resistivity p- and n-type epilayers. Issues of primary 
importance were demonstration of high p-type doping levels, fabrication of active 
layers with high quantum efficiencies and/or narrow spectral emission, and 
suppression of structural problems such as pitting and cracking. 

Substrate fabrication and definition. Important to the growth of improved 
GaN films is the development of substrates crystallographically better matched to 
AIGainN than conventional (0001) sapphire. Alternatives targeted under BlueBand 
were development of bulk GaN substrates as well as undoped and Si-doped GaN 
substrates grown by vapor phase epitaxy on sacrificial substrates. Utility of these 
substrates was examined by growing epilayers employing both molecular beam 
epitaxy and metalorganic chemical vapor deposition. M-plane sapphire, ZnO, and 
6H-SiC substrates were similarly evaluated. 

Advanced materials characteristics. Extensive theoretical and experimental 
investigations of structural, electrical, and photoelectric properties of nitrides were 
undertaken, largely at Xerox. Systematic studies of extended defects were 
performed, ranging from fundamental studies of film/substrate interfaces, to 
properties of dislocations and quantum wells, to analyses of defects related to 
growth and fabrication of diode heterostructures. Structural characteristics of both 
thin epilayers and thick, HVPE-grown films were studied. A comprehensive study 
of native defects, impurities (dopants and contaminants), and band structure of the 
ill-V nitrides was undertaken at Xerox. At issue were doping limits, 
compensation, and related phenomena. The activation and properties of Mg 
acceptors were examined in particular detail, in accordance with the importance and 
difficulty of obtaining high densities of activated p-type dopants. 

LED development. The primary issue addressed by HP was the development of 
a cost effective manufacturing process for high brightness blue and blue-green 
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nitride LEOs. This objective required the development of nitride MOCVD growth 
technology employing an EMCORE high volume production reactor, the 
establishment of routine characterization techniques for rapid feedback of 
infonnation critical to the epi growth team, and the examination of various device 
designs to achieve the desired wavelengths and maximize light output. It was also 
necessary to develop new wafer fabrication, die fabrication and packaging 
technologies specifically for nitride LEOs, in order to initiate high volume 
manufacturing and investigate low-cost production technology. A goal of the 
program was to demonstrate double heterostructure blue LEOs with greater than 4 
mW output and greater than 4% external quantum efficiency at 20 rnA forward 
current. 

Laser diode development. SOL was charted with developing GaN-based laser 
diodes. This demanded development of high structural quality AlGaN cladding and 
InGaN active layers; effective p- and n-type doping of clads; realization of efficient. 
spectrally narrow optical emission from quantum-well active regions; development 
of contacting and device defmition processes; and design of appropriate device 
structures. Goals of the program were to demonstrate optically and electrically 
pumped blue or near-UV stimulated emission in ridge waveguide heterostructures. 

3 Principle Results 

3.1 Materials Development 

3.1.1 HVPE Substrates 

Both bulk GaN and GaN grown by hydride vapor phase epitaxy (HVPE) were explored 
under Blue Band. Based on the strength of ATMI's HVPE material, as judged largely by 
the optical, structural, and morphological quality of epilayers overgrown on their material, 
this approach alone was pursued for the latter half of the program. 

HYPE GaN-on-sB.RPhire 

GaN layers were initially grown on sapphire wafers to establish a baseline for the HVPE 
process. The high quality of these layers warranted further investigation and evaluation 
beyond simple use as a baseline. Attractive characteristics of these layers included good 
crystallinity, low defect densities, high conductivities, and good unifonnity. Homoepitaxy 
was found to be easy, proceeding without need of a low temperature buffer layer and 
without the introduction of additional defects at the MOVPEIHVPE interface. Slight texture 
of the HVPE surface was smoothed by MOVPE growth. Most importantly, LEDs 
fabricated by ATMI, HP, and Xerox employing these layers displayed both high brightness 
and excellent spectral purity. 

Good crystallinity across 2" diameters was evidenced by typical double crystal x-ray 
rocking curve halfwidths < 300 arcsec, with best FWHM = 184 arcsec, indicative of 
reduced strain compared with MOVPE GaN on sapphire. Typical defect densities of 109 
cm-2 were measured, with the best wafers displaying =108 cm-2. Nominally undoped, 
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lOJ.Ull thick GaN layers showed good electrical conductivity, with n .., 1018 cm-3 and 
J.1n=90 cm2N-s. Unifonnity was ±10% in thickness across a 2 in. diameter wafer. 

Figure 1 illustrates the high quality of an {Al,ln,Ga)N MQW LED fabricated by Xerox on a 
10 IJ.m thick layer of HVPE GaN-on-sapphire. The excellent quality of the material grown 
on these substrates is indicated by the well-resolved InGaN/GaN superlattice, GaN and 
AlGaN x-ray features (a), as well as the very narrow room temperature EL peak at 420 nm 
(b). 

(b) I • 10 mA 

wavelength (nm) 

Figure 1. (a) X-ray diffraction and (b) room temperature electroluminescence from an 
AIGalnN MQW LED grown on HVPE GaN-on-sapphire substrates. The lnGaN/GaN 
MQW active region is well resolved by XRD and the EL emission is exceptionally 
narrow. 

A hydride VPE reactor was also designed and constructed at Boston University. The 
design stressed issues related to gas phase mixing, flow uniformity and minimization of 
parasitic reactions between the reactor and the growing film. GaN films grown on (0001) 
sapphire at rates of 10 - 100 f.1IDih were transparent and uniform, with smooth surface 
morphologies. Samples were generally heavily n-type doped (1019-1020 cm-3). Substrates 
were used for the MBE growth of GaN, loGaN and AlGaN. Best growth was obtained 
under Ga-rich conditions, at 700 to 750°C. The (0002) XRD rocking curve and the 
photoluminescence spectra of the GaN substrate and GaN films were found to be identical. 
Thick lnGaN and AlGaN fllms were found to be transparent and smooth. The AlGaN 
ftlms exhibited atomic long-range order, as evidenced by the appearance of otherwise 
forbidden (0001) and (0003) XRD peaks in 9-29. 

Free-standin& GaN 

Considerable progress was made towards achieving free-standing GaN, at ATMI. The 
growth of high quality GaN on sacrificial Si templates was demonstrated, as was rapid 
etching of the Si template at the growth temperature. 

The crystallinity, surface morphology, and optical characteristics of GaN grown on 
sacrificial Si wafers were significantly improved under this program. Each is now 
comparable to those of GaN on sapphire. Figure 2 compares double crystal x-ray 
diffraction characteristics of GaN grown on sapphire and Si. The FWHM obtained from a 
2 tJ.m thick GaN layer grown on Si was -790 arcsec, which is comparable to that of GaN 
on sapphire grown to a similar thickness. The figure, as well as other work, suggests that 
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considerable improvements will be realized by growing thicker GaN on Si. Despite the 
excellent crystallinity of thin films such as these, to date it has not been possible to grow to 
thicknesses exceeding 2 J.l.m, due to cracking during cooldown. Differences in the thermal 
expansion coefficients of GaN and Si result in sizable tensile stresses upon cooldown, 
bowing the GaN films and creating microcracks. However, as there is no evidence of 
cracking at the growth temperature, removal of the Si substrate at the growth temperature 
promises to eliminate these problems and permit growth of thicker, higher quality GaN. 

• 

0 oe 

0 

0 

• 
~~~~~~~.~~~.~~~~~~10 

GaN 'l'lllclaM. (!Ia) 

Figure 2. Comparison of the FWHM of double crystal x-ray rocking curves measured 
on HVPE GaN on sapphire and Si as a function of thickness. The crystallinity of 
GaN/Si is similar to that of GaN/sapphire for the same GaN thickness. 

Feasibility of the GaN/Si template was demonstrated by etching Si at elevated temperatures 
to remove the substrates in situ. Backside etching with HCI was investigated for a variety 
of HCI partial pressures, yielding Si etch rates in excess of 2S J.Unlmin. Complete removal 
of a Si wafer was achieved in less than 10 minutes. To make combined growth and etching 
practical, further attention must be given to isolating the growth and etch chambers from 
one another to prevent deleterious reactions. Nevertheless, the absence of cracking of the 
GaN at the growth temperature and the achievement of high Si etch rates demonstrates the 
feasibility of this approach. 

IntentiOJJal Si-dgpin& 

Although the HVPE OaN was electrically conductive as grown, higher conductivities are 
desirable for devices relying on lateral transport. Nominally undoped HVPE GaN grown 
on sapphire is conductive, mainly due to a high density of charge at the OaN/sapphire 
interface. The bulk of the material is lightly doped (Nd • 2xl016 cm-3). Si-doping the 
HVPE GaN with silane (Sili4) was demonstrated over the range 5x1016 to 8x1018 cm-3. 
Comparison of SIMS and Hall results revealed that all of the Si is electrically active, even 
for the highest doping densities. Electron mobilities of the Si-doped samples was in all 
cases higher than for uodoped HVPE GaN. At n = 8 x1018 cm-3, the room temperature 
electron mobility was 160 cm2N -s (cf. mobility of undoped HVPE OaN • 50-70 cm2N -s 
at a similar thickness). This enhancement in mobility is likely a consequence of transport 
away from the low mobility interface region. The -5-fold decrease in sheet resistance 
afforded by this technique demonstrate the utility of HVPB OaN:Si layers in reducing the 
series resistances in lateral geometry LEOs and laser diodes. 
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3.1.2 Alternative Substrates 

Growth by molecular beam epitaxy (MBE) of GaN and AIGalnN on 6H-SiC, ZnO, and M
plane sapphire was examined at Boston University. In the case of 6H-SiC substrates, high 
quality m-V nitride fllms could be grown without employing a low temperature buffer. 
GaN-films grown under Ga-rich conditions show a streaky RHEED pattern with (2x2) 
surface reconstruction. SEM examination of the surface morphology indicated an 
exceptionally smooth surface. XRD analysis yielded a FWHM of 3.5arcmin. TEM 
microscopy revealed an excellent epitaxial relationship between the substrate and film. 
Such films could be doped n-type to levels of 1019 cm-3 (with a room temperature mobility 
of 200 cm2N-s) to 1021 (mobility 10 cm2N-s and resistivity 104 n-cm). Such values are 
very high, suggesting a very low level of compensation. AlxGat-xN alloys were found to 
exhibit significant atomic long range order. 

The advantage of ZnO as a potential substrate is that one can develop lattice matched 
heterostructures of InGaAIN in the spectral region from 2.8 to 4.5 e V. As single 
crystalline ZnO substrates are not available at reasonable sizes and cost, GaN and InGaN 
alloys were grown on sputtered ZnO thin films. It was observed that the ZnO substrate had 
a streaky RHEED pattern at a temperature below 400°C, but that the pattern deteriorated 
upon heating to the growth temperature of about 650°C. The diffraction pattern become 
spotty and weak, suggesting surface degradation due to dissociation of the substrate. We 
concluded from these studies that ZoO needs to be encapsulated by a low temperature 
buffer layer to prevent this dissociation. Films grown on such substrates were indeed 
found to have reasonable transport and optical properties. 

GaN fllms were grown on M-plane (10-10) sapphire, with or without a low temperature 
buffer. The growth conditions explored led to (11-22) and (10-10) epilayers. These 
planes are not well matched to the M-plane sapphire; the desired plane to minimize 
mismatch with the sapphire (10-10) lattice in the two perpendicular axes is (10-13). (The 
mismatch is 2.6% in the GaN [1210]/sapphire [0001] direction and 1.9% in the GaN 
[3032]/sapphire [2110] direction). Further work is required to identify conditions for the 
epitaxial growth of the (10-13) plane. 

3.1.3 MOCVD Growth of GaN-based Epllayera 

At the University of Texas at Austin, a two-step MOCVD process was employed to grow 
heteroepitaxial InGaN/GaN and AIGaN/GaN films and quantum-well heterostructure& on 
(0001) sapphire substrates. The epitaxial layers were grown in an EMCORE 0125 vertical 
rotating-disk MOCVD reactor at a pressure of -76 Torr using trimethylgallium (TMGa), 
trimethylindium (TMin), trimethylaluminum (TMAl), and high-purity ammonia (NH3) as 
sources. Dopant precursors employed are (bis)cyclopentadienylmagnesium (CP2Mg) for 
p-type doping and silane (Sili4) for n-type doping. Typical precursor molar flow rates 
used in this study were: TMGa =3.7x1Q-5 mole min-1, TMin =1.7x1Q-5 mole min-1. 1MAl 
=2.0xl0-5 mole min-I. and NH3 =5.3x1Q-2 mole min-1. The heteroepitaxial InGaN and 
AIGaN fllms were deposited on GaN ftlms grown on thin (-25 nm) low-temperature 
(-520°C) GaN buffer layers atop (0001)-oriented AhD3 substrates. Growth temperatures 
were Tg = 760°C to 830°C for InGaN, and 1050°C-1080°C forGaN and AlGaN. The GaN 
and AlGaN fllms were grown in a H2 ambient and the InGaN layers in a predominantly N2 
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ambient. However, for all of the epitaxial layers in this study, H2 was used as the alkyl 
source carrier gas. Typical growth rates were Rg =- 8 nrnlmin (lnGaN), 50 nrnlmin (GaN), 
and 14 nrnlmin (AlGaN). 

Growth of GaN 

A systematic study of the growth and photoluminescence (300K and 4.2K) characterization 
of unintentionally doped GaN on both exact and vicinal (0001) sapphire substrates was 
performed. A comparison of the 300K and 4.2K optical characteristics of the samples 
grown simultaneously on different substrates indicates that a higher photoluminescence 
intensity is measured for films on misoriented substrates. 

A study of p- and n-type doping of GaN films using (bis)cyclopentadienylmagnesium and 
silane as dopants, respectively, was also completed. P-type films with 300K free hole 
concentrations p-3xl017 cm-3 were routinely grown. Recently, OaN:Mg films with hole 
concentrations p-2xl018 cm-3 at room temperature have also been successfully 
demonstrated. 

Growth of A1GaN 

Growth of AlGaN films was also studied. Alloys with AI mole fractions in the range 
OSxS0.2 were examined, consistent with our interest in candidate cladding layers for laser 
structures. AIGaN films were grown throughout this range, and both n- and p-type doping 
were achieved. Alloy compositions were determined from 300K PL spectra and relative 
lattice constant measurements. These data were used to grow AIGaN/InGaN double
heterostructure LED structures on sapphire substrates, as well as AIGaN/InGaN MQW 
heterostructure& for X-ray and PL characterization. The latter structures consisted of an 
InOaN/InGaN SL sandwiched between two AIGaN cladding layers grown on a GaN 
spacer layer. Structures were analyzed to ascertain the MQW period, average In 
composition, and the AIGaN composition. 

Growth of InGaN 

The alloy composition of thick (80-200 nm) InOaN double-heterostructure fllms grown in 
this work was determined by 300K PL spectra as well as X-ray diffraction rocking curves 
and (J}-2 8 scans to determine the lattice parameter of the epitaxial film with respect to that of 
the thick GaN heteroepitaxial .. substrate". We have studied 300K and 4.2K 
photoluminescence (PL) from these structures and have determined the relative PL 
intensities for MQWs having different periods, quantum well thicknesses, doping 
concentrations, and alloy compositions. We conclude that Si-doped MQW structures have 
higher PL intensities than undoped structures. 

The high quality of these films is further indicated by demonstrations of lasing under 
optical excitation. Bulk InOaN fllms were optically pumped using a pulsed Ar-ion laser at 
77K to determine the optical quality of the materials. Laser operation was achieved in a 
"front-to-hack" (VCSEL) mode with optical feedback provided by the InGaN-air and 
InGaN-sapphire interfaces. Similarly, optically pumped laser operation of an InGaN 
MQW structure at 300K was obtained using pulsed N2 laser excitation. 

InAlGaN Diodes 
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The UT-Austin group has also grown, processed, and characterized GaN p-n junction 
LEDs, and AlGaN/InGaN MQW LEOs. We have developed an RIE etching process using 
BCh as the reactive gas. Mesa etching was developed for top-contact LEOs and for 
injection laser structures. Ohmic contact metallization using Au-Ni for p-type contacts and 
Al-Si for n-type contacts was likewise developed. It was important to develop a process 
yielding smooth, vertical mesa side walls. Our lithographic process is well suited to this, 
providing a smooth mask which can withstand the RIE process. 

For blue emission, we have fabricated loGaN MQW LED's having five InGaN wells and 
four InGaN barriers. We have characterized the I-V characteristics of the lnGaN diodes 
and compared them to commercially available Nichia and Cree loGaN LEOs. Our devices 
compare favorably in terms of the reverse breakdown voltage and the forward turn-on 
voltage. The series resistance of our diodes is, however, somewhat higher than these 
commercial devices. We are working on improved Ohmic contacts and continuing to 
develop our device processing techniques. 

3.1.4 Material• Propertlea 

Microstructure of Nitride Semiconductors 

Extensive transmission electron microscopy revealed a wide variety of extended structural 
defects in GaN-based epilayers. Limitations in the fi1m quality were observed to result 
from differences in thermal expansion and lattice mismatch with available substrates; 
examples are the evolution of pits and the formation of cracks found in alloys containing In 
or having greater than 7-8% Al content. Thick ftlms of GaN grown by HVPE were also 
studied as potential alternative substrates for devices. 

Dislocations appear to be inherent in nitride heterostructures for light emitting diodes due to 
the lattice and thennal mismatches between films and currently available substrates. 
Typical defect densities range from 109 - 1010 dislocations/cm2. Line dislocations were 
identified as having screw, edge, and mixed character. A fraction of c-dislocations were 
found to be careless (nanopipes), with screw character. 

Basal plane stacking faults are found in low-temperature GaN buffer layers grown on 
sapphire substrates. Appropriate buffer layer growth conditions can result in smooth ftlms 
and affect the defect density. Inversion domain boundaries were observed in films grown 
by all techniques examined: MOCVD, MBE, and HVPE. 

As illustrated in Fig. 3, pit defects were found in many InGaN/GaN multiquantum well 
structures. Pits form near dislocations, with a density which generally increases with In 
composition and quantum well thickness. 

In keeping with the rich microstructure observed in nitride epilayers, spatial 
inhomogeneities in luminescence emission energy were observed in QWs with x>0.20. 
Cathodoluminescence studies indicate strong spatial variations in both intensity and 
wavelength with increasing indium composition. 
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Figure 3. Pits associated with dislocations in InGaN quantum well structures. 

Atomic long-range ordering was observed for the firSt time in AlGaN alloys grown by 
MBE on sapphire, 6H-SiC and VPE-GaN. It was shown that the degree of ordering is 
greatest for approximately 50% Al, as expected theoretically. The degree was found to be 
sensitive to a number of kinetic factors such as the ratio of ill-V fluxes or the presence of 
Si dopants. Such ordering may have implications in the design of devices since the ordered 
phase has a different energy gap than the random phase, changing the nature of AlGaN 
used as a well or as a barrier. 

Analysis of HYPE grown GaN revealed defect densities to be less than Sx 108 
dislocations/cm2 for ftlms 15~ or greater in thickness. Films as thick as 80J.un were 
found to be crack-free. Any defect structure that was found at the top surface of HVPE 
GaN substrates was typically replicated in InGaN/GaN overlayers grown on these 
substrates for device applications. 

Electrical Characterization of ill-V NitrideS 

Extensive electrical and photoelectric measurements were perfonncd on m-V nitrides. 
Successful p-typc doping is particularly problematic and critical in the nitrides, leading us 
to investigate in detail the activation and properties of Mg acceptors. Shallow donors and 
deep level defects were also characterized. 

Mg acceptors were found to be passivated by hydrogen in GaN:Mg, as grown by 
MOCVD. As illustrated in Fig. 4, the bond-stretching mode for the Mg-H complex is at 
3125 cm-1, in good agreement with computational results. Rapid thennal annealing of 
GaN:Mg was found to dissociate the Mg-H complex, electrically activating the Mg 
acceptors. This dissociation is illustrated by the drop in the Mg-H infrared absorption peak 
in Fig. 4. 
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Figure 4. Infrared absorption spectra of Mg-H and Mg-D complexes in GaN:Mg. 
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Figure 5. Variable-temperature Hall effect measurements for GaN :Mg processed by 
rapid thermal annealing for S min at different temperatures T: (a) resistivity and (b) hole 
concentration. 

Fig. 5 illustrates results of variable-temperature Hall effect measurements on p-type 
GaN:Mg, which yield an acceptor ionization energy of -170 meV. The figure also shows 
results of systematic annealing studies, which were used to optimize the activation of Mg 
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acceptors. Combining such Hall effect data with photoluminescence (PL) results, it was 
demonstrated that the generally observed red-shift of a prominent PL band upon thermal 
annealing ofGaN:Mg is not directly due to activation of the Mg acceptors. Consequently, 
the magnitude of the red-shift (250 meV) does not relate to the acceptor ionization energy. 

Deep level transient spectroscopy (DLTS) and optical-DLTS were performed on n-type and 
p-type GaN and on n-type AlGaN. In each case the energies and densities of detected 
discrete levels were catalogued. Detected deep level densities were ~ 1016 cm-3 and 
therefore cannot be responsible for the high levels of compensation (e.g., 10%) generally 
found in activated Mg-doped GaN. 

Correlated Hall effect and SIMS measurements were used to determine an ionization energy 
for silicon donors of -18 mcV and provided evidence that oxygen is a shallow donor in 
GaN with an ionization energy of -32 meV. Oxygen is an important source of 
unintentional n-type doping. 

Do.,pin& and Band-structure EnpneerinK of W-V NitrideS 

A comprehensive theoretical study of native defects, impurities (dopants and 
contaminants), and band structure of the W-V nitrides was performed at Xerox. A 
thermodynamic formalism used values calculated with the first-principles density
functional-pseudopotential approach to produce jomultion energies of defects and 
impurities, from which conclusions can be drawn about properties such as doping limits 
and compensation. 

For the case of n-type material, nitrogen vacancies are found not to be responsible for n
type conductivity. Silicon and oxygen are shallow donors and can be incorporated in large 
concentrations. We ascribe n-type conductivity to unintentional incorporation of these 
impurities. These predictions have been confirmed by combined Hall effect and SIMS 
studies. 

Oxygen (but not silicon) undergoes a transition from a shallow to a deep center in GaN 
under pressure, and in Al.,Ga1.~ alloys. Gallium vacancies are the likely source of the 
yellow luminescence. 

For the case of p-type material, the hole concentration is limited by Mg solubility; 
incoxporation of Mg on other sites (interstitial, or N site) is energetically unfavorable and 
therefore not a problem. A study of alternate acceptor impurities produced no candidates 
superior to Mg. Hydrogen is found to have a beneficial effect on p-type doping: it 
suppresses compensation and enhances acceptor incorporation. The mechanisms for 
acceptor activation by post-growth annealing have been established. H diffuses readily in 
p-GaN, but not in n-GaN. 

Some compensation of p-type material by nitrogen vacancies may occur; the vacancies are 
metastable, explaining observations of persistent photoconductivity. The fonnation energy 
of the vacancies decreases as x increases in AlxGat-xN alloys; vacancy compensation is the 
likely explanation for the decreased p-type doping efficiency in AlxGat-xN. Oxygen 
incoxporation (contamination) is likewise detrimental to obtaining good p-type doping. 

The data ccntalnecl on fils n to the res1rtc11ona outlined on oaae 1 



( 

Last, "natural" valence-band offsets between the (unstrained) nitride semiconductors have 
been derived. For AlN/GaN the offset is found to be 0.7 eV. ForGaN/InN it is only 0.3 
e V, smaller than desirable for hole confinement. Deformation potentials describing effects 
of strain on band structure have also obtained. 

3.2 Deylce peyelopment 

3.2.1 LEOs 

All program goals and milestones related to the development of LEDs were achieved or 
exceeded, at HP. An EMCORE reactor was installed in mid-1995. Since then, MOCVD 
epitaxial growth processes were developed to produce high quality n- and p-type GaN, 
AlGaN and InGaN layers. Equipment and techniques have been established to routinely 
characterize all wafers grown using a variety of methods including single point and wafer 
scanning room temperature photoluminescence, variable temperature Hall effect and x-ray 
crystallography. A rapid device fabrication process was developed to provide rapid 
feedback of device perfonnance data to the epi growth team, often in less than one day. 
Both AlOaN/GaN and InGaN/GaN heterostructure& have been grown, with over 30% In 
incorporated in the InGaN active region of double heterostructure devices. All wafer 
fabrication, die fabrication and packaging processes required for low cost, high volume 
manufacturing of nitride LEOs have been developed including reactive ion etching of n- and 
p-type GaN and the deposition of ohmic n- and p-type metal contacts. Several device 
structures have been fabricated and evaluated, culminating in the demonstration of single 
quantum well nitride blue LEOs with over 7 mW of output power at 50 mA and a peak 
external quantum efficiency of 7.3% at 25 rnA, almost twice the original program goal. 

Figure 6. Light emitting diode employing a single quantum well InGaN active layer. 



3.2.2 Laser Diodes 

Work to develop GaN-based laser diodes at SDL has met all milestones and has achieved 
the goal of optically pumped lasing. A laser diode has not yet been demonstrated. 
Development of growth processes has resulted in films equaling or exceeding those 
fabricated elsewhere in all respects important to a laser. Crack- and pit-free laser structures 
have been routinely grown on sapphire substrates. Both p- and n-type doping levels in the 
1018's have been demonstrated. InGaN active layers have been grown with 
electroluminescent half-widths significantly narrower than reported elsewhere. Typical 
halfwidths are 16-20nm for 450 nm emission and 30nm for 500nm emission. These are 
achieved with good high-injection electroluminescent quantum efficiencies, exceeding 2% 
for single quantum well structures. Optically pumped stimulated emission was readily 
achieved in such structures, as illustrated in Fig. 7. 
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Figure 7. Optically pumped stimulated emission at 300K from a ridge waveguide 
structure employing a GaN active layer. 

A full device fabrication process has been developed, employing chemically assisted ion 
beam etching to achieve exceptionally smooth facets and sidewalls and employing 
metallization processes yielding excellent ohmic contacts and adhesion. Differential 
conductivities of <IQ-4 D-cm-2 have been achieved for entire devices, indicating that p-type 
contacts are not a problem. Tum-on is typically observed at 3-3.2V. Modeling has 
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revealed little intrinsic benefit in adopting a buried heterostructure geometry. For practical 
reasons, diodes currently under examination are ridge waveguides. 

4 Conclusions 

4.1 Devices 
The development of MOCVD nitride growth on sapphire substrates in low pressure, multi
wafer reactors has been successful and will be the biggest factor in achieving a high 
volume, cost effective manufacturing process. The rapid feedback of characterization data 
and actual device performance has greatly accelerated the development of nitride epitaxial 
growth processes. The higher cost of nitride LEOs grown on silicon carbide substrates 
make them less suitable for high volume manufacturing. Lattice matched substrates are not 
a prerequisite for excellent LED performance, and the advanced substrates and alternative 
precursors studied have not yet evolved to the point of commercial feasibility for high 
volume manufacturing. Because of their higher quantum efficiency, narrower emission 
spectra and greater color saturation, quantum well device structures have been proven 
superior to double heterostructure devices utilizing a thick co-doped active layer. 

A laser diode remains to be demonstrated, but such a demonstration appears imminent 
based on the status of the materials and processing, and will be attributable in great part to 
work performed under Blue Band. All necessary growth and fabrication processes are 
now in place, yielding results which equal or outstrip competitors in respects critical to 
realization of a commercial laser. Contact resistances are as good as any reported, with low 
turn-on voltages, and adhesion is excellent. Dry etched sidewalls are exceptionally smooth 
and uniform. Epilayers are. demonstrating record electroluminescent linewidths with good 
efficiencies, and readily lase under optical excitation. While SOL's dry etching capability 
has only just come on-line, with attendant teething pains that have precluded fabrication of 
a satisfactory structure, realization of a diode laser appears very close. 

4.2 Materials 
Viable, large-area HYPE GaN-on-sapphire substrates have been produced under this 
program, and have been distributed to consortium members for MOVPE growth and 
fabrication of device layers. The LED performance of initial devices has been very 
encouraging. High quality GaN has been grown by HVPE on sacrificial Si templates and 
fast Si etching (25 IJ.mlmin) has been demonstrated. The HVPE GaN has been Si-doped to 
reduce the resistance in the underlying substrate by a factor of S. Through all of these 
accomplishments, the HVPE process has been proven to be a viable technique for 
production of large area GaN substrates for short wavelength LEDs and LDs. 

MOCVD growth procedures yielding high-quality AlGaN/InGaN heterostructures have 
been developed. This is evidenced by superior structural properties such as mirror smooth 
morphologies, low dislocation densities, and crack- and pit-free growths; outstanding 
electrical properties including demonstrations of p-type doping in the 1018's cm-3; and 
outstanding optical properties such as record electroluminescent linewidths and quantum 
efficiencies almost twice those targeted under the program. Ultimately, the excellent 



performance of LEDs and ease of achieving optically pumped lasing attest to the quality of 
the underlying materials. 

MBE growth processes have likewise been successfully developed. Growth of GaN and 
its alloys on 6H-SiC has been achieved without use of a low temperature buffer. Films 
have excellent structural and optical characteristics when grown on these and conventional 
sapphire substrates. By contrast, MBE growth of ill-V nitrides on sputtered ZnO thin 
films or M-plane sapphire appears undesirable. ZnO decomposes at conventional nitride 
growth temperatures, and MBE growth on M-plane sapphire results in undesirable epilayer 
orientations, resulting in high residual stresses and defect levels. M-plane sapphire may 
still prove useful for growth by MOCVD, as this is a higher-temperature process which 
could lead to growth of closely lattice matched (10-13) material. 

The structural, optical, and electrical characteristics of (Al,Ga,In)N alloys and 
heterostructures are now substantially better understood. Energetics and microscopic 
mechanisms of doping, compensation, and formation of deep levels have been elucidated. 
Electronic properties such as band offsets have been calculated. The types and nature of 
structural defects have been studied in detail, as have intrinsic and extrinsic optical 
signatures of the materials. Each of these studies has been fed back to device growth and 
design parameters. 

5 Recommenda'tlons for Future Work 

5.1 Substrates 
HVPE GaN substrates have become very proiDistng recently, although as yet no 
breakthrough performance data have been reported for LEOs or laser diodes fabricated on 
these substrates. Many groups are currently working on the development of HVPE GaN 
substrates and have shown good progress towards commercialization. ATMI now sells 
HVPE GaN/sapphire substrates, although they are not yet available in sufficient quantity 
for LED manufacturing. Ultimately, the goal should be to achieve a free-standing GaN 
substrate so that vertically conducting devices can be fabricated, resulting in a significant 
cost reduction due to the smaller area required for devices. In this regard, both the growth 
and etch technique and the development of Si doping initiated under this program appear to 
be fruitful avenues for further study. 

Silicon carbide substrates, which are still expensive and not required for good lED 
performance, have improved substantially in both surface quality and size in recent years. 
LEOs grown on SiC are now commercially available with about 20% the light output of 
those grown on sapphire substrates. SiC substrates have several potential advantages as 
substrates for AIInGaN lasers, including good thermal conductivity for heat dissipation and 
the ability to fabricate vertically-conductive device structures. 

Lattice-matched spinels, garnets and intermediate layers (similar to buffer layers) have 
shown little progress in the last two years, and have some fundamental problems in terms 
of high temperature instability and diffusion that may preclude their use as substrates for 
AllnGaN epitaxial growth. It is recommended that research in this area be reduced, and 
more research efforts focused on promising substrates such as SiC or HVPE GaN, or 
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those with more desirable properties for laser applications, e.g. readily cleaved or having 
high thermal conductivities. High pressure bulk GaN crystal growth has some long range 
potential, but is far enough from commercialization that it is not appropriate for large 
companies to invest in. It is recommended that this technology be funded and developed at 
the university level. 

5.2 Growth 
Reactor modeling has been extremely useful in understanding temperature distributions and 
gas flow dynamics in large, multi-wafer MOCVD reactors, and the availability of the 
national labs and supercomputer centers has been crucial to the development of this 
knowledge. The continuation of this work will be necessary for improving epitaxial layer 
uniformity, which is crucial to the development of laser arrays and necessary for cost 
reduction in nitride LEOs. 

In tandem with modeling, continued experimental efforts are likely to further improve the 
quality and reproducibility of nitride epilayers. Improvements in extrinsic characteristics 
and control of compositions, doping profiles, and layer thicknesses are likely to be derived 
from improved understanding of surface structure and growth reactions. Methods to 
minimize or eliminate cracks and pits must be further explored, particularly for structures 
containing AlxGal-xN and/or lnxGal-xN poorly lattice matched to GaN. Likewise, better 
understanding of intrinsic and impurity-assisted dislocation dynamics is likely to yield 
improved control of plastic relaxation of buffers and/or epilayers. 

5.3 Propertlea 
Improved understanding of nitride properties, both intrinsic and extrinsic, is likely to guide 
significant improvements in material quality and in the design and performance of device 
structures. Areas with particular promise are studies of the properties of InGaN active 
layers, work on the nature and role of defects, and examination of electrical properties. 

The nature of the lasing transition in nitride devices is currently unknown, although there 
has been extensive speculation that it is quantum-dot-like, associated with In clusters 
observed on the group-ID sublattice in InGaN wells. As the issue is central to the 
operation of laser diodes and has important ramifications for device design, the nature of 
the transition warrants further study. In addition, numerous basic properties of these 
InGaN active layers remain largely unexplored. Properties of particular importance to 
devices are the relation between strain and band gap in InGaN MQWs and the nature of 
deep level defects likely to promote non-radiative recombination. 

While extended defects have clearly been demonstrated to have less impact on device 
properties than in other m-v s, their role in determining device performance and 
degradation remains unclear. Defects along dislocation cores (kinks, etc.) merit 
investigation as they can govern electrical activity and dislocation motion. The optical 
activities of various defects such as dislocations and nanotubes warrant investigation, as do 
their roles in enhancing diffusion processes relevant to device degradation and their utility 
in localizing active point defects. Such studies can be expected to focus improvements in 
buffers and epilayers to reducing or passivating those defects most detrimental to devices. 
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Incorporation and activation of p-type dopants remains an important area of study in 
nitrides as it is essential to achieving modest LED and laser diode tum-on and operating 
voltages, affecting both operation and degradation of these devices. Promising areas for 
further study include investigations of the effects of H in AlGaN alloys as well as the 
thermodynamics of H incorporation, as this is central to compensation. The effects of ion 
implantation on electrical conductivity remain undercharacterized in GaN, as do the 
electrical properties of dislocations and associated point defects. Last, identifying 
alternative, shallower dopants for AlGaN could be highly beneficial. 

5.4 Processing 
New methods of etching GaN need to be developed in order to improve feature uniformity 
over larger areas, to increase throughput for high volume LED fabrication, and to fabricate 
small features accurately for edge emitting laser and VCSEL arrays. Recently developed 
techniques such as Low Energy Electron Enhanced Etching (LE4) and photo-assisted 
electrochemical etching have shown promise, and research should be funded at the 
university level (perhaps in conjunction with a semiconductor equipment manufacturer) to 
scale up these methods. 

5.5 Devices 
Good progress has been made in the development of nitride edge emitting lasers by several 
groups around the world, but little progress has been made with nitride VCSELs. Mirror 
research for VCSELs is likely to be the most crucial issue. The n-type mirrors can 
probably be fabricated using conventional MOCVD epitaxial growth techniques. The 
critical problems will be maintaining a sharp enough refractive index contrast at the 
interfaces and minimizing scattering and interference· at the rough interfaces. A suitable p
type mirror would be extremely difficult to fabricate through epitaxial growth in the nitride 
system, and reliable wafer bonding techniques must be developed. Further improvements 
in crystal quality may be required in order to commercialize these devices, and advanced 
substrate technologies such as HVPE nitride and bulk GaN growth should be supported. 
P-type contacts may also require further development to support the higher current density 
required for canier injection in laser device structures. 
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